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CORRECTIONS 


Volume 38, 1960 


Page 298, line 2 of Abstract. For “‘up to 1.8X10-* mm”, substitute “up to 1.810? mm”, 


Pages 298, 299. Asa result of an algebraic error, all the values of the rate constants K, should be multiplied 
by a factor of 5.3. This alters the value of logyo A to (12.1+1.65) without affecting EZ. The correct values 
of K, are therefore given by 


(31.9+3.0) 1000 
logio Ki = (12.11.65) - ———————__ (K, in sec), 
2.303 RT 
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OLIGOSACCHARIDES FROM THE SAP OF SUGAR MAPLE 
(ACER SACCHARUM MARSH)! 


S. Haq anp G. A. ADAMS 


ABSTRACT 


From the sap of the sugar maple (Acer saccharum Marsh) two trisaccharides have been 
isolated by column and paper chromatography. One was identified as O-8-p-fructofuranosyl- 
(2 — 6)a-D-glucopyranosyl(1 — 2)8-p-fructofuranoside (6%-fructosylsucrose), the other was 
tentatively established as either 6¥-fructosylsucrose or 1¥-fructosylsucrose. These trisaccharides 
~_ en in either composition or structure to the polysaccharides present in the sap 
and w 


Maple sap is known to contain mainly sucrose, the percentage of which varies from 
season to season and from tree to tree. It was shown by Bois and Nadeau (1) that maple 
sap contains two enzymes, namely, ‘‘sucrogen-amylase”’ and “‘cellobiogen-amylase’’ which 
transform starch into sucrose and cellobiose respectively. The claim of these workers 
was later refuted by Meeuse (2), who found that maple sap contains an enzyme which 
produces maltose from starch and not sucrose and cellobiose. Porter et al. (3) have 
demonstrated the presence of five oligosaccharides in addition to sucrose in maple sap. 
The sugars found on complete hydrolysis were glucose, fructose, and galactose, and the 
presence of raffinose and a glucosylsucrose was also indicated. Smith and Zavarin (4) 
have investigated the mono- and oligo-saccharides of the heartwood, sapwood, and bark 
of nine conifers and reported the presence of several monosaccharides, raffinose, stachyose, 
and two unidentified oligosaccharides. In the foregoing investigations, identification of 
the sugars was based on chromatographic evidence and no information on the structure 
of the oligosaccharides was provided. The only proven structure for an oligosaccharide 
containing D-glucose and p-fructose from wood is that of 1*-fructosylsucrose isolated 
from aspen wood by Pridham (5). In the course of an investigation in this laboratory 
on the polysaccharides of maple sap (6), it was observed on paper chromatograms that 
there were some oligosaccharides in the sap which had Ry, values lower than that of 
sucrose. It was thought worth while to investigate the structure of these oligosaccharides 
to shed some light on their relationship to the polysaccharides of the sap and wood. The 
present paper describes the isolation of two trisaccharides and characterization of the 
major one. 

The sap was collected from a commercial stand of sugar maples in the first week of 
April 1960. Collection of the sap early in the season and fresh from the tree precluded 
significant bacterial contamination (7). The sap was immediately concentrated at low 

1Manuscript received February 3, 1961. 
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temperature to a small volume and the inorganic material, and some sucrose, were removed 
by precipitation with ethanol. After removal of most of the sucrose by crystallization, 
the remaining syrup was fractionated on a charcoal-celite column. The individual sugars 
were eluted by stepwise increase in the concentration of ethanol (8). This procedure 
proved more advantageous than the gradient elution technique (9) because of the large 
amount of sucrose present in the syrup. It was found that 5% ethanol eluted sucrose 
completely from the column leaving the trisaccharides. Seven and one-half per cent 
ethanol was needed to elute one trisaccharide (component I, minor) and 10% and 20% 
ethanol were required for another trisaccharide (component II, major). The major tri- 
saccharide proved to be neokestose, a name suggested by Gross, Blanchard, and Bell 
(10) for O-8-p-fructofuranosyl(2 — 6)a-b-glucopyranosyl(1 — 2) 8-p-fructofuranoside 
which they isolated from sucrose solution which had been acted upon by yeast invertase. 
This trisaccharide has also been isolated from banana (11) as well as from sucrose 
solution acted upon by fructose-transferring enzymes of higher plants (Beta vulgaris) (12). 

The proof of the structure of component II was based on the following evidence. The 
purity of the trisaccharide was established by paper chromatography and by paper 
electrophoresis. It had [a]p +15° on the basis of dry syrup. It gave a positive Raybin 
(13) test with diazouracil, which is a test, essentially, though not exclusively, for deriva- 
tives of sucrose in which the fructose unit is unsubstituted (14). On the basis of its reaction 
with silver nitrate and orcinol — orthophosphoric acid spray reagents the trisaccharide 
was non-reducing and contained a ketose sugar. Complete hydrolysis with dilute acid 
gave D-fructose and p-glucose in the ratio of 2:1. On partial hydrolysis with dilute acetic 
acid it gave glucose, fructose, sucrose, and a reducing disaccharide, the latter moving on 
a paper chromatogram between sucrose and the original trisaccharide. This disaccharide 
is probably 8-6-O-p-fructosyl-p-glucose (15, 16, 17), which would be produced if the 
glycosidic bond between glucose and fructose of the sucrose moiety in the trisaccharide 
were broken. On complete methylation the trisaccharide gave an undeca-O-methy] 
derivative. A portion of the methylated trisaccharide after methanolysis and examination 
by gas-liquid chromatography (18, 19) revealed the presence of tetra-O-methyl] fructose 
(2 moles) and tri-O-methyl glucose (1 mole). Hydrolysis with dilute acid and separation 
of the methylated sugars by paper chromatography afforded 2 moles of tetra-O-methy] 
fructose and 1 mole of tri-O-methyl glucose. The tetra-O-methyl fructose and tri-O- 
methyl glucose were identified as 1,3,4,6-tetra-O-methyl-p-fructose and 2,3,4-tri-O- 
methyl-p-glucose by isolation of crystalline derivatives. The (8-fructosylfuranoside 
linkages were established by the hydrolytic action of invertase (8-fructofuranosidase). 
The identity of the trisaccharide was established, therefore, as O-8-p-fructofuranosy] 
(2 — 6)a-p-glucopyranosyl(1 — 2)8-p-fructofuranoside (6°%-8-fructosylsucrose). 

Component I (minor) was found to be a non-reducing trisaccharide composed of 2 
moles of fructose and 1 mole of glucose. On partial hydrolysis it gave glucose, fructose, 
and sucrose. On methylation and hydrolysis the trisaccharide gave tetra-O-methyl glucose, 
tetra-O-methyl fructose, and a tri-O-methyl sugar on the basis of gas-liquid chromato- 
graphic evidence. The tri-O-methyl sugar, on the basis of its reaction on paper with 
orcinol — orthophosphoric acid spray reagent, was considered to be a tri-O-methyl fruc- 
tose. Therefore, it seems likely that component I is a trisaccharide composed of sucrose 
and fructose in which the fructose unit is attached to the fructose moiety of the sucrose 
in the trisaccharide. The point of attachment could not be ascertained because of the 
lack of sufficient material but it is supposed that this trisaccharide is either 6*-fructosyl- 
sucrose (20) or 1¥-fructosylsucrose (5, 21, 22, 23). 
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The possibility of component I being raffinose could easily be eliminated because of 
the absence of galactose in the hydrolyzate of the trisaccharide. The elution of com- 
ponent I before component II from the charcoal column suggested that component I 
was a kestose type sugar. This behavior has been previously observed by Gross, Blanchard, 
and Bell (10). 

The present investigation has established the presence of 6°-8-fructosylsucrose, which 
had not been reported previously as a constituent of maple sap. This trisaccharide may 
be one of the unidentified oligosaccharides containing glucose and fructose which were 
isolated from maple sap by Porter et al. (3). Raffinose has been reported as a constituent 
of the sapwood and inner bark of conifers (4), the xylem of aspen tissue (5), and possibly 
maple sap (3) but was not found in the present study. However, 1*-8-fructosylsucrose, 
which has been identified as a component of aspen tissue (5), may be a component of 
maple sap, as indicated in the present study. 

In general, the fructosylsucrose derivatives occur in plant storage tissues which have 
a high content of sucrose. Both 6°-fructosylsucrose and 1*¥-fructosylsucrose have been 
isolated from onion, leek, Italian rye grass, and oat grass (24). Siace maple sap is a 
reservoir high in sucrose it is not unexpected that it should contain the same trisaccharide. 

The oligosaccharides found in the maple sap undoubtedly have been formed from 
sucrose by transferase reactions. They bear no resemblance in either composition or 
structure to the polysaccharides found in the sap (6) and wood of the sugar maple (25, 
26). These latter polysaccharides must have their origin from precursors unrelated to 
the sap oligosaccharides. 


EXPERIMENTAL 


The organic phase of the following solvent systems (v/v) was used for chroma- 
tography: A, ethyl acetate — pyridine —-water (2.5:1:2.5); B, butan-l-ol — acetic acid — 
water (4:1:5); C, ethyl methyl ketone — water (2:1, water containing 2% ammonia). 

Paper chromatography was done on Whatman No. 1 and No. 3 MM paper for 
qualitative and quantitative separations respectively. An ethanolic solution of p-anisidine 
hydrochloride (3%) (27) was used to detect reducing sugars; orcinol — orthophosphoric 
acid (28) was used for ketoses. All evaporations were done under reduced pressure at 
34° C. Specific rotations were measured in water at 25° C unless otherwise stated. 


Separation of the Sugars of Maple Sap 

About 18 liters of maple sap, freshly collected in the first week of April 1960 from 
a commercial stand of sugar maples (Acer saccharum Marsh), was evaporated to a 
small volume (1 1.) and centrifuged to remove the suspended impurities. The clear 
supernatant liquid was poured into ethanol (4 1.) with constant stirring. The precipitate, 
which consisted mainly of inorganic matter, polysaccharides, and some sucrose, was 
removed by filtration. The filtrate on evaporation gave a syrup which was dissolved 
in 70% methanol (500 ml); on cooling of the solution most of the sucrose crystallized. 
The mother liquor on evaporation gave a thick syrup. 

The syrup (13 g) was fractionated on a charcoal—celite (1:1) column (30 cm X6.5 cm). 
Sucrose and monosaccharides (glucose and fructose) were eluted with 5% ethanol. Frac- 
tions (60 ml/hr each) were collected and from time to time were chromatographically 
examined to ensure that no trisaccharides were being eluted. When 8400 ml had been 
eluted all the sucrose had come off and the eluate up to 9900 ml contained no sugar. 
Then the column was washed successively with 74% ethanol (3 1.) (fraction A), 10% 
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ethanol (2 1.) (fraction B), and 20% ethanol (21.) (fraction C). Evaporation of these 
eluates yielded the following products. 


Fraction A. Asyrup (47.5 mg) which contained traces of sucrose and a trisaccharide 
(component |) having Rgucrose 0.65 in solvent A. 

Fraction B. A syrup (106.0 mg) which consisted of component I and another 
trisaccharide (component II) Ryy- 0.73 in solvent A. 

Fraction C. A syrup (346.2 mg) which contained mainly component II and 
traces of very slow moving sugars which were not examined. 


An additional quantity of syrup (12 g) was fractionated as above to obtain more 
sugars. The fractions from the two lots were further purified by paper chromatography 
in solvent A and chromatographically pure sugars, component I (53.5 mg) and com- 
ponent II (430 mg), were obtained. 


Component II ( Major) 

The syrup ([a]p +15° (c, 2.8)) could not be crystallized. About 50 mg of the syrup 
was hydrolyzed with 0.2 N H:SO, for 4 hours, the products were separated on paper 
in solvent A, and the individual sugars were determined according to Nelson (29). The 
ratio of D-fructose to D-glucose was found to be 2:1. 

Another portion of the sugar (3 mg) was hydrolyzed with 15% acetic acid (0.5 ml) 
for 10 minutes, 20 minutes, 30 minutes, and 40 minutes, and the hydrolyzates were 
examined by paper chromatogram in solvent B. The hydrolyzate for 10 minutes gave 
a spot of reducing disaccharide having R,y, 0.82 while the original trisaccharide had 
Reue 0.64 in the same solvent. The other hydrolyzates did not show this disaccharide 
spot. 

A solution of the trisaccharide (1%) was incubated with invertase (6-fructofuranosi- 
dase) for 3 hours at 35° C. Examination of the hydrolyzate by paper chromatography 
in solvent A showed complete conversion of the trisaccharide to glucose and fructose. 


Methylation of Component II 

The syrup (305.6 mg) was dissolved in water (3 ml) and 30% sodium hydroxide 
solution (2 ml) was added. The solution was stirred at room temperature and dimethyl 
sulphate (1 ml) was added dropwise. Following this procedure sodium hydroxide solution 
(8X2 ml) and dimethyl sulphate (8X1 ml) were added during 24 hours. Then the 
solution was heated at 60° for 1 hour to destroy any unreacted methyl sulphate. The 
partially methylated sugar was recovered by extraction with chloroform for 4 days. 
After removing the chloroform the partially methylated sugar was methylated three 
times with Purdie’s reagent, whereby an undeca-O-methyl trisaccharide (252 mg) was 
obtained (Anal. OMe 49.33%; CosHssOie requires OMe 51.8%). 

A portion of the methylated sugar (2 mg) was refluxed with 0.5% methanolic HCl 
(1 ml) for 30 minutes and the sample was examined by gas-liquid chromatography 
(15, 16). It showed peaks of a tetra-O-methyl sugar (a and 8 anomer) and of a tri-O- 
methyl sugar (a and 8). The tetra-O-methyl sugar peaks corresponded to that of tetra- 
O-methyl fructose and the peaks of tri-O-methyl sugar corresponded to that of the 
tri-O-methyl glucose. The ratio of the areas of the peaks of tetra-O-methyl to that of 
tri-O-methyl sugar was approximately 2:1. 

Another portion of the methylated trisaccharide (2 mg) was hydrolyzed with 0.04 NV 
H.SO, on a water bath for 1 hour. The hydrolyzate was examined by paper chroma- 
tography in solvent C and showed two spots having R, 1.02 and R, 0.71 respectively. 
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The main bulk of the methylated sugar was hydrolyzed as above giving a syrup 
(210 mg) which was separated on paper in solvent C. Two fractions were obtained, i, 
tetra-O-methyl fructose (115 mg) and ii, tri-O-methyl glucose (60.6 mg). 


Identification of the Methylated Sugars 

(1) 1,3,4,6-Tetra-O-methyl-p-fructose 

The tetra-O-methyl fructose was identified as its tetra-O-methyl fructofuranamide 
derivative according to Avery, Haworth, and Hirst (30). The sugar (115 mg) was oxi- 
dized with concentrated nitric acid (1.2 ml, sp. gr. 1.42) at 70° for 1 hour and then 
the temperature of the bath was raised slowly to 93° and the oxidation continued for 
another } hour. Nitric acid was removed by repeated distillation with water. The product 
was esterified by refluxing for 10 hours with methanol containing 3% HCl. After neutrali- 
zation with AgsCO; and removal of the methanol the product was methylated with 
Purdie’s reagent for 5 hours. The syrup obtained was fractionally distilled. 


Fraction i 0-90° at .01 mm 34.5 mg 





ii 90-105° ° 43.2 mg 
iii 105-160° ” 6.8 mg 


All the fractions were separately dissolved in methanolic ammonia (10 ml) and kept 
in the cold for 4 days. After removal of the methanol, fractions i and ii gave crystalline 
residues which after recrystallization from ethyl acetate had the same melting point 
99-100° C (reported melting point of tetramethyl fructofuranamide is 99-100° C (30) 
and 100-101° (22)). 

(2) 2,3,4-Tri-O-methyl-p-glucose 

The sugar (60.6 mg) was heated with freshly distilled aniline (35 mg) in ethanol 
(5 ml) for 3 hours. Ethanol was removed by distillation and the residual syrup was 
extracted with hot ether. The extract was evaporated to a syrup which crystallized on 
seeding with 2,3,4-tri-O-methyl-N-phenyl-p-glucosylamine. After three crystallizations 
from ether it had m.p. 145-146°, undepressed on admixture with an authentic specimen 
of 2,3,4-tri-O-methyl-N-phenyl-glucosylamine (31). 


Component I ( Minor) . 

The syrup had [a]lp +22°, Reucrose 0.65 in solvent A. On complete hydrolysis it gave 
2 moles of fructose and 1 mole of glucose. On partial hydrolysis with dilute acetic acid 
(15%) it gave glucose, fructose, sucrose; no other sugar could be detected. 

The syrup (45 mg) was methylated as above with dimethyl sulphate (4 ml) and 30% 
sodium hydroxide solution (8 ml), followed by two methylations with Purdie’s reagent. 
The methylated trisaccharide (36.4 mg) had MeO 49.03%; CooHs,Oie requires OMe 
51.8%. 

A portion of the methylated trisaccharide (3 mg) was heated with 0.5% methanolic 
HCl as above and examined by gas-liquid chromatography. It showed peaks corre- 
sponding to the methyl glycosides of 2,3,4,6-tetra~-O-methyl-p-glucose, 1,3,4,6-tetra-O- 
methyl-p-fructose, and a tri-O-methyl sugar. 

Another portion of the methylated trisaccharide (2 mg) was hydrolyzed by heating 
on a boiling-water bath for 1 hour with .04 N H.SO, and examined by paper chroma- 
tography in solvent C. Two papers were irrigated, one was sprayed with p-anisidine 
hydrochloride and the other with orcinol —orthophosphoric acid spray reagent. The 
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tri-O-methy] sugar had R, 0.86 in solvent C and gave an immediate reaction with orcinol 
spray reagent, which indicated that the sugar was a tri-O-methyl derivative of p-fruc- 
tose. The quantity of methylated sugar was insufficient to permit further characterization. 
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REDUCTIVE CLEAVAGE OF NITROGEN-NITROGEN BONDS 
WITH RANEY NICKEL AND HYDRAZINE!’ 


F. P. RoBINSON AND R. K. Brown 


ABSTRACT 


Raney nickel and hydrazine readily cleave the nitrogen—nitrogen bond of a number of 
N,N’-diacylated hydrazines to produce the corresponding amides in good yield. 


INTRODUCTION 


During the course of investigations under way in this laboratory it became necessary 
to prepare several mono- and di-acylated phenylhydrazines in which the specific position 
of the acyl group(s) on the nitrogen atom(s) was known with certainty. A promising 
method for this structural determination was thought to be a mild reductive cleavage 
of the nitrogen—nitrogen bond which would leave the amide linkage undisturbed. Re- 
ductive cleavage of the nitrogen—nitrogen bond in carboxylic acid hydrazides and in 
1,2-diacylated hydrazines has been accomplished by refluxing these compounds in 
ethanol in the presence of a large excess of Raney nickel (1, 2). In a study of the scope 
of this reaction (3) Hinman found that several previously reported resistant compounds 


‘could be cleaved by extending the reaction time from the usual 3 hours to one of 15-20 


hours. However, by either of these methods yields were generally only fair, ranging from 
5 to 60%. In addition, several compounds, notably 1,2-diacetyl-1,2-dimethylphenyl- 
hydrazine and phthalhydrazide failed to reduce even after prolonged reaction. 

Recent work on the facile reduction of nitro compounds to amines by hydrazine in the 
presence of Raney nickel (4, 5, 6) shows that the reduction proceeds, at least in part, 
by way of the bimolecular reduction intermediates, azoxybenzene and hydrazobenzene. 
Continued reduction readily converted these in turn to the corresponding amine. It was 
therefore thought that the combination of Raney nickel and hydrazine would reductively 
cleave nitrogen—-nitrogen bonds much more readily than would Raney nickel alone. A 
series of experiments showed that this was indeed the case. 


RESULTS AND DISCUSSION 


When hydrazine hydrate was added dropwise over a period of 1 hour to refluxing 
methanol containing equal weights of acylated phenylhydrazine and Raney nickel, a 
smooth reaction occurred giving good yields of the expected products. Results of some 
typical reductions are shown in the accompanying table. The amides which formed were 
quite unaffected by the reducing medium hence it was possible to deduce the position 
of the acyl group(s) in mono- or di-acylated phenylhydrazines. By this means it was 
easily shown that the diacetylation of 2,6-dimethylphenylhydrazine with acetic anhydride 
did in fact form N,N’-diacetyl-2,6-dimethylphenylhydrazine rather than the unsymmetri- 
cally acylated isomer. The symmetrically acylated product had been expected in view of 
the N,N’-diacetylphenylhydrazine obtained by Michaelis and Schmidt from a similar 
acetylation of phenylhydrazine (7). 

An interesting point is that the quality of the Raney nickel apparently is unimportant 


‘Manuscript received February 21, 1961. 


Contribution from the Department of Chemistry, University of Alberta, Edmonton, Alberta. Taken from the 
thesis of F. P. Robinson to be submitted to the Graduate School of the University of Alberta as part of the require- 
ments for the degree of Doctor of Philosophy. 
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Reference Reference to 
to preparation % yield 

Compound reduced preparation Product of product of product 
N,N’-Diacetyl-2,6- See exptl. N-Acetyl-2,6-dimethylaniline a 68 
dimethylphenylhydrazine section plus acetamide 45 
Maleic acid phenylhydrazide 9 Maleamic acid anilide 10, 1i 81 
N,N’-Diacetylphenylhydrazine 7 Acetanilide plus acetamide b 73 
51 

Maleic hydrazide c Maleamide d 66 (e) 
Phthalhydrazide J g — 





I, Heibron and H. M. Bunbury. Dictionary of organic compounds. Eyre & Spottiswoode Ltd., London. 1953. 

L. F. Fieser. Experiments in eng chemistry. D.C. Heath & Co., Boston. 1957. p. 151 

H. Feuer, E. White, and J. Wyman. J. Am. Chem. Soc. 80, 3790 (1958). 

I. J. Rinkes. Rec. trav. chim. 46, 272 (1927); Chem. Abstr. 21, 2875 (1927 

Maleic acid hydrazide was also reduced according to Hinman’s method (3) ‘and yielded 36% of maleamide. 
Drew and H. Hatt. J. Chem. Soc. 16 (1937). 

Only starting material (~70%) could be isolated from the reaction mixture. 


WIND VP HP 


since freshly prepared W-2 Raney nickel (8) gave no better results than those obtained 
with Raney nickel which had been prepared previously (8) and kept for a period of 6 
months under methanol in a refrigerator before use in this reaction. This aged Raney 
nickel had lost its pyrophoric activity completely. 

The synthetic value of this reductive cleavage is shown in the simple two-step pre- 
paration of maleamic acid anilide (example 2 in the table) by reductive cleavage of 
maleic acid phenylhydrazide, the product of the reaction of phenylhydrazine and maleic 
anhydride (9). Maleamic acid anilide has been made previously by reaction of aniline 
with maleimide (10), the latter compound being formed in reasonable yield by a five-step 
synthesis devised by Berson et al. (11). 


EXPERIMENTAL 

N,N’'-Diacetyl-2,6-dimethylphenylhydrazine 

An aqueous solution of 8.6 g (0.05 mole) of 2,6-dimethylphenylhydrazine hydro- 
chloride (12) was basified with dilute sodium hydroxide and extracted with 4X50 ml of 
benzene. To the combined benzene extracts, dried over anhydrous magnesium sulphate, 
was added 10.2 g (0.10 mole) of acetic anhydride and the resulting mixture refluxed for 
30 minutes. When half the solvent had been removed, the solution deposited 8.1 g of 
crude product melting at 70-72°. Recrystallization from 95% ethanol yielded 7.2 g (65%) 
of product, m.p. 71-72°. Calculated for CizHigsN 202: C, 65.43; H, 7.32; N, 12.72%. Found: 
C, 65.33; H, 7.49; N, 12.77%. 


Reduction Procedure 

The following general procedure was used for all reductions. A solution of 50 ml of 
methanol, containing 1 g of the acylated phenylhydrazine and 1 g of W-2 Raney nickel (8) 
was stirred vigorously and gently refluxed for a period of 1 hour during which time an 
excess of hydrazine hydrate was added dropwise. At the end of the reaction time the 
catalyst was separated by filtration, and the solvent removed under reduced pressure. 
The product, crystallized from a suitable solvent, was identified by its melting point and 
mixed melting point with an authentic sample. With those compounds which yielded 
acetamide as one product, the residue obtained after removal of solvent was treated with 
20 ml of cold water to dissolve and thus remove the acetamide. Subsequent treatment 
followed the usual procedure. 
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STUDIES ON THE PERVANADIUM COMPLEX' 


G. A. DEAN? 


ABSTRACT 


The ‘pervanadium complex’ is investigated in a general manner. The kinetics of its thermal 
decomposition in acid solution are shown to be first order with respect to pervanadium, the 
apparent activation energy is 26.5+1.0 kcal/mole, and possible mechanisms are suggested. 
The effect of various acids upon the nature of the decomposition products is determined: 
almost quantitative yields of vanadium (V) or vanadium (IV) are obtained in very dilute 
or concentrated acid, respectively. Spectrophotometric studies indicate that in acid solution 
two separate complexes exist: a red (1:1) cationic complex and a yellow (1:2) anionic com- 
plex. The stoichiometry of the equilibrium between the two complexes in solutions of 
sulphuric acid is investigated by a method of ‘discrete variations’. The equilibrium could be 
described by 


‘ 
red + H.0;——~ yellow + 3/2H.SO, 


where K;;y = 2.2+0.2 at 22° C. The anion is shown to play an important part in determining 
the nature of the pervanadium complex. 


INTRODUCTION 


The formation and subsequent bleaching of a red-brown coloration when an excess of 
hydrogen peroxide is slowly added to an acid solution of vanadium (V) has been known 
for over a century. The original explanation of the reaction as a simple peroxidation of 
vanadate 


HVO; + H.0: — HVO, + H:0 


was refuted by Meyer and Pawletta (1), who showed that both the original and peroxi- 
dized vanadium existed as cations. According to them, the reaction that occurs in solutions 
containing sulphuric acid is 


(VO)2(SO4)s + 2H.02 — [V(O2)}o(SO4)s + 2H:0 


and the following equilibrium exists on adding an excess of hydrogen peroxide: 


HO. 
[V(Oz)]e(SO4)s + 6H2O =—— 2V(O2)(OH); + 3HSO. 
red-brown H.2SO, yellow 


Although the last equation is often used in text books to explain the bleaching by an 
excess of peroxide it is difficult to see how it can be justified since peroxide does not 
occur on either side. In addition, the species (VO*+) used by Meyer and Pawletta to 
represent vanadium (V) in acid solution does not agree with that currently accepted 
(VO-+) (see ref. 2). 

The complex is unstable and decomposes readily on heating to give a mixture of 
vanadium (V) and vanadium (IV); the composition of the solution has a large influence 
upon the relative proportions of the latter but has hitherto received but brief mention 
in the literature (3, 4). 

Wright and Mellon (5) performed the first spectrophotometric study of the complex 
and showed that an absorption maximum occurred in the region 450-460 mu. Suitable 
conditions for its analytical use were determined empirically and although a decrease 
in the absorption maximum was confirmed to be due to an excess of peroxide no attempt 

1Manuscript received December 1, 1960. 
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was made to determine quantitative relationships. A later study by Telep and Boltz 
(6) revealed a second (and larger) absorption maximum at 290 my, and this also was 
decreased by an excess of peroxide, but again no attempt was made to investigate further. 

This paper investigates in a general manner various aspects of the complex which 
have long seemed to demand attention, particularly with regard to its decomposition 
and formulation. 


EXPERIMENTAL 

For the kinetic studies, reactions were followed colorimetrically with a Fisher electro- 
photometer fitted with cell-heating and -stirring devices. Spectrophotometric measure- 
ments were made with a Beckman DU spectrophotometer fitted with a photomultiplier 
attachment. 

Vanadium (V) was determined by adding sulphuric and orthophosphoric acids to 
concentrations of about 1 N and 0.5 M, respectively, and then titrating with ferrous 
sulphate solution standardized against recrystallized potassium dichromate. An 
amperometric (‘dead-stop’) end point was used in conjunction with a synchronous 
magnetic stirrer and a Leeds and Northrup mirror-galvanometer type 2285f (maximum 
sensitivity: 0.03 wa for full scale deflection) allowing a very high sensitivity to be obtained. 
In all determinations comparative titrations were made using an untreated aliquot of 
stock solution as a reference. Hydrogen peroxide was determined by amperometric 
titration with permanganate previously standardized against ferrous sulphate. 

Stock solutions of vanadium (V) (free from vanadium (IV)) were prepared by dis- 
solving Fisher NaVO; (‘purified’) in water redistilled from dilute alkaline permanganate 
in an all-Pyrex-glass still fitted with splash guards. Solutions of hydrogen peroxide were 
prepared by dilution of Mallinckrodt reagent-grade 100-volume hydrogen peroxide 
(stabilized). All other reagents were of reagent-grade._ quality. 

To avoid any reduction of vanadium (V) by traces of grease, organic matter, etc., all 
glassware was cleaned (where necessary) before use with permanganic — sulphuric acid 
cleaning mixture; it was then rinsed with dilute acidified hydrogen peroxide to remove 
any traces of manganese dioxide, rinsed thoroughly with distilled water, and finally 
steamed for 1 minute with steam evolved from boiling dilute alkaline permanganate. 


RESULTS AND DISCUSSION 

Thermal Decomposition of Pervanadium 

The reactions which occur on heating an acid solution of pervanadium containing an 
excess of hydrogen peroxide are as follows: initially, the excess peroxide is decomposed 
catalytically by the vanadium, any decomposed pervanadium being regenerated by the 
excess peroxide, and the red color remaining unchanged; finally, when the excess peroxide 
has disappeared, the pervanadium complex itself undergoes decomposition and the red 
color fades rapidly. The last stage may be followed conveniently and, despite the oxygen 
evolved during the reaction, fairly accurately by determining colorimetrically the varia- 
tion of [pervanadium] with time. 

The results of experiments at different temperatures and acidities are plotted in Fig. 1. 
In all cases a linear relationship between log [pervanadium] and time was obtained, 
indicating that the decomposition is first order with respect to pervanadium and that 


d{[pervanadium]/dt = —k [pervanadium]. 


Expressing concentrations in mole/liter, k had the value 0.0100+0.0005 sec in 2 N 
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sulphuric acid at 90° C; it was not significantly altered by changing the concentration 
of sulphuric acid from 2 N to 0.2 N (Fig. 1, plots 1 and 2) or by adding iron (III) toa 
concentration of 10-* M (plot 2). 
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t = I min (1,2); 4 min (3); 40 hr (4) 
Fic. 1. Thermal decomposition of pervanadium. 
[H.SO,], N Temperature, °C 
0.2 90 
9) 2 


90 
(open circles: also 10~* M to Fe (III)) 
3. 2 70 
4. 2 22 


The products of the decomposition are vanadium (V) and vanadium (IV), the pro- 
portion of vanadium (V) being dependent upon the acid and its concentration; values 
for seven different acids are presented in Fig. 2. It is evident that the anion plays an 
important part in determining the behavior of the complex. 
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Fic. 2. Effect of various acids on the products from the decomposition of pervanadium in boiling solution. 
Fic. 3. Plot of log k against 1/T for the thermal decomposition of pervanadium. 


The logarithms of the various slopes depicted in Fig. 1 are plotted in Fig. 3 against 
the reciprocal of the absolute temperature. From the slope of this line the activation 
energy was calculated to be 26.5+1.0 kcal/mole. 
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The decomposition can be represented in two ways (in the subsequent account per- 
vanadium is represented by perV*): either as an initial dissociation 


perV*+ = VO.* + H:0:, (1) 
followed by subsequent reaction 
2VO.* + HO, + 2H*+ > 2VO**+ + 2H,0 + O2, (2] 
2VO** + H,O, — 2VO,* + 2Ht, {3} 
or as a direct decomposition 
perV+ — VO,*, {4] 
perV* + H+ — VO*. [5] 


In each case an increase of [H*] is seen to favor the formation of vanadium (IV) in 
agreement with the results of Fig. 2. 

Unfortunately there appears to be no way of distinguishing directly between these 
two schemes and it is necessary to consider indirect evidence as follows. 

Considering the first scheme, the rate-determining step in dilute acid can be one of two 
consistent with the first-order dependence upon the pervanadium concentration: 

(a) Dissociation of the pervanadium complex is rapid, when (see later) 


[perV*+] « [VO2*] [H20.], 


suggesting that the kinetics of the rate-determining step (im dilute acid) are dependent 
upon [VO;*][H20;], which, in turn, suggests that the rate-determining step is reaction 
[2], and that, effectively, 


d[VO-*]/dt = —k, [VO-+}[H2O,]. 


Unfortunately the kinetics of this reaction cannot be determined directly. In dilute acid 
pervanadium is formed at once, and in concentrated acid reduction is rapid (e.g., complete 
reduction occupies a few seconds in concentrated sulphuric acid at —5° C) with but 
momentary formation of pervanadium. The kinetics of reaction [3] can be determined 
directly and were found to be as follows. For a constant [H2SOx,], the initial rate was pro- 
portional to [VO++}? and to [H,O.], giving 


d{(VO*+]/dt = —k,[VO++}[H,.0,]. 


With concentrations expressed in mole/liter, and time in seconds, k2 had the value 
1.3 X10? in 2 N sulphuric acid at 21° C. A few experiments were made to determine the 
effect of [H2:SO,], and the rate was found to be proportional to [H2SO,]-*, where x ~ 0.7 
for [H2SO,] = 0.01—2 N. 

The final ratio of vanadium (IV) to vanadium (V) is remarkably constant despite 
large variations in initial vanadium concentration and temperature (Table I). No evidence 


TABLE I 
© Vanadium (V) produced by the decomposition of pervanadium 








[vanadium], MX 10+ 








Conditions 760 15.3 0.31 
0.55 M H;PO,, boiling 99.42 99.02 99.08 
99.45 98.98 99.08 
0.53 N H.SO,, boiling 94.57 94.95 96.24 
94.82 95.19 97 .65 

0.53 N H2SO,, 65° C 95.28 


.53 N H2SO,, 22°C 94.58 
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for the direct oxidation in dilute acid of vanadium (IV) by pervanadium was found and 
it seems reasonable to assume that the ratio of vanadium (IV) to vanadium (V) remains 
sensibly constant throughout the reaction. It follows from this that (d[VO**]/dt)/ 
(d{VO,*]/dt) should also be constant, and hence 


ki{VO**}"[H,0.] _ k[VO**]? 
ko[VO.*|[H2O2] ~—-ke[VOs*] 
should be constant, which is impossible. Hence mechanism (a) is unlikely. 

(b) Dissociation of the pervanadium complex is slow and is rate-determining. Attempts 
to determine the rate of dissociation directly were inconclusive: permanganate solution 
added to a 0.01 N solution of vanadium (V) in N sulphuric acid containing an excess of 
hydrogen peroxide reacted rapidly with the excess, and then only slowly (over ~10 
seconds at room temperature) with the ‘combined’ peroxide (a similar result was observed 
with the pertitanium complex); the slowness might be due either to slow dissociation or 
to the small equilibrium concentration of peroxide (~10-* M, see later). However, 
the complexity of the over-all reaction produced by competing reactions [2] and [3] seems 
unlikely to result in a constant ratio of vanadium (IV) to vanadium (V) over large 
changes of both concentration and temperature, and on these grounds mechanism (0) 
is unlikely. 

On the other hand, it is far easier to reconcile the experimental observations with a 
scheme involving a direct decomposition such as [4] and [5], and in the absence of direct 
evidence to the contrary is to be preferred. However, the complete explanation of the 
decomposition is likely to be far more complicated than the simple pictures presented 
here, and no further attempts to investigate the reaction were made. 


Decomposition of Pervanadium at Extreme Concentrations of Acid 


At very low acidities almost quantitative recovery of the vanadium as vanadium (V) 
is obtained (Table II). 





TABLE II 
Vanadium (V) produced by the decom- 
position of pervanadium in boiling dilute 
acid solution 








0.050 M H;BO; 100.00 
100.03 
0.0112 M H;PO, 99.88 
99.90 
0.0099 M HBr 99.81 
99.79 
0.0105 N H.SO, 99.76 
99.78 
0.0110 4 HCl 99.67 
99.74 
0.0101 17 HNO; 99.62 
99.58 
0.0103 WW HCIO, 99.59 
99.58 





Note: [vanadium] = 0.00153 M; the acid concen- 
trations have been corrected for the amount consumed 
by NaVO:+2H* — VO2*+ Na*+H:0. 


At very high acidities almost quantitative recovery of the vanadium as vanadium 
(IV) is obtained (Table III) although in this instance phosphoric acid, and not sulphuric 





pac she ere wes 




















DEAN: PERVANADIUM COMPLEX 1179 


TABLE III 
% vanadium (IV) produced by the decomposition of pervanadium 
in concentrated acid solution 











Acid Experiment A Experiment B 
H2SO, 96.7 96.5 99.33 99.42 
H;3PO, 99.96 100.00 100.00 99.92 
H.SO,+H;PO, 29 35 14 19 





Note: Ten milliliters of 0.01 M aqueous NaVOs and 4 ml of concentrated acid 
were evaporated right down; a few drops of 100-volume hydrogen peroxide were 
added to the cold solution with stirring, and the process repeated. The solution 
was then warmed to destroy any traces of peroxide. For experiment B the periods 
of heating were prolonged. 


acid, as a simple extrapolation of the data of Fig. 2 might suggest, gives the higher yield. 
The reduction in sulphuric acid has long been proposed as a basis for the determination 
of vanadium by titration with permanganate but experiments using the specified pro- 
cedure (4) always resulted in incomplete reduction with results similar to those of Table III. 

The results of Tables II and III, and of Fig. 2, emphasize the importance of the anion 
in determining the behavior of the complex. 


Nature of the ‘Pervanadium Complex’ 

The absorption spectra of vanadium (V) in solutions of sulphuric acid containing 
various amounts of hydrogen peroxide were found to exhibit an isobestic point at about 
402 mu (Fig. 4) suggesting at once the formation of a second complex in the presence of 





[v] = 0-00183 M 


O-3F 











5 
sh 
350 400 450 500 550 
~ 
Fic. 4. Absorption spectra”of pervanadium complexes. 
{H.03], M {H2SO,], N 
0.005 





1. 2.0 
2. 0.02 0.5 
3. 0.005 0.05 
4. 0.02 0.05 
5. 0.12 0.05 
6. 0.25 0.8 (V absent) 





1180 CANADIAN JOURNAL OF CHEMISTRY. VOL. 39, 1961 


an excess of peroxide. In the subsequent account the initial complex is called the ‘red’ 
complex and the second the ‘yellow’ complex. 


Nature of the Red Pervanadium Complex 

Shaeppi and Treadwell (7) have investigated the complex colorimetrically (using a 
mercury lamp with blue filters) by the method of continuous variations. In 7 M sulphuric 
acid the ratio of V:H.O, in the complex was shown to be accurately 1:1 and 


{pervanadium] 


[VO2"][H.02] 


No estimate of the experimental error was made and none of the experimental details 
or data necessary for its evaluation were given. From their results, however, it is estimated 
that the possible error in their value of K is likely to be about +(5-10)%. 

The acid concentration used by them was rather high, and the complex was studied 
by the same method, but for N acid, with the results shown in Table IV. These experi- 
ments confirmed the 1:1 nature of the complex; despite the large difference in acid 


K= 





= 82x10‘ M*. 


TABLE IV 
Dissociation constant of the red pervanadium complex by the method 
of continuous variations 








Position of @uaxs KX10™, 








Acid dmax, Mu danas extrapolated M 
H.SO, 454 0.502 0.566 3.5+0.2 
HCIO, 460 0.501 0.566 3.4+0.2 


Note: Total concentration [V+H:0:] = 0.00398 M; acid concentration = 1.0 N; tem- 
perature = 22°C. All values of d are corrected for blank and for the absorbance of the small 
amount of uncomplexed vanadium (V). Length of optical path = 1.000 cm. 





concentration the results are reasonably in agreement with those of Shaeppi and Tread- 
well, indicating that H* does not enter the reaction to a significant extent. The latter 
may consequently be written in a simplified manner as 


VO.* + HO. = VO(O2)* + H,0 


where (O.) denotes a peroxy group. The shift in the position of maximum absorbance 
with a change of anion confirms the participation of the latter in determining the behavior 
of the complex. It was found that, under suitable conditions, the red complex was strongly 
absorbed by a cation-exchange resin and hence, in accordance with previous observations 
(1, 7) and the preceding equation, exists as a cation. 

It is interesting to note that from 9 M hydrochloric acid rendered 0.1 M with respect 
to hydrogen peroxide the complex is about 50% extracted by an equal volume of methyl- 
t-butyl ketone, and 80-85% extracted by an equal volume of tri-u-buty! phosphate, and 
that in contrast with its bright red-brown color in the aqueous phase the complex is 
bright green in the organic phase (9). No extraction occurs from solutions in sulphuric 
acid (9, 10). No attempt is made to explain these observations. 

Latimer (8) represents the formation of the red complex by 

V(OH),* + H,02. — VO, + 2H20 + 2H*+, AF® = —29.8 kcal. 
The above value of AF’ leads to the value 


[VO,* }{H:0]*{H*}’ 





~ 10” M’, 


[V(OH)."][H203] 
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and on putting [H+] = 1, and [H,O] = 56, we get 


[VO, |] 
[V(OH).*}[H203] 


Even allowing for the use of concentrations in place of activities there is a very large 
discrepancy between the above value and the observed value. 


Nature of the Yellow Pervanadium Complex 

Meyer and Pawletta (1) observed that a clear yellow solution was obtained by adding 
hydrogen peroxide to an aqueous solution of V,O; and that this color was the same as 
that produced in the presence of sulphuric acid by a large excess of hydrogen peroxide. 

By rather inaccurate distribution experiments they established that in the clear yellow 
solution at least one molecule of hydrogen peroxide was bound to each atom of vanadium 
(V); conductivity measurements indicated that an analogy with H;PQ, existed and 
accordingly it was postulated that the clear yellow solution contains H;[V(O2)O;], an 
orthoperoxy vanadic acid. These conclusions are not supported by the present work. 

It is known that in solutions less than reasonably acid widespread changes occur in 
the nature of the species of vanadium (V) present (2). For this reason experiments were 
always conducted in strongly acid solutions and any deviation towards less acid con- 
ditions and the formation of complex species was carefully avoided. 

- The yellow complex cannot be investigated by the method of continuous variations, 
nor by any of the usual methods, owing to inevitable interference from the red complex 
at some stage. Fortunately, at the wavelength of maximum absorption for the red complex 
the absorption of the yellow complex is small, and it was found possible to study the 
stoichiometry of the equilibrium between red and yellow forms by a method of ‘discrete 
variations’. 

Assuming that the reaction in the presence of sulphuric acid can be represented by 


~ 0.310" MO. 








[6] a (red) +6 (H:O2.) = ¢ (yellow) +d (H2SO,), 
then 

_ [yellow]‘[H2SO,]* 
[7] Kyyy a {red ]*[H.0.]” 


The red complex is known to obey Beer’s law (5, 6); assuming that the yellow complex 
behaves similarly, that there is no interaction between the complexes in an optical 
sense, and that no additional complexes are formed, then the optical densities of the 
red and yellow forms, d, and d,, respectively, will be related to the observed optical 
density at 454 my, dy, by 


[8] dovs = d,+d,. 


Provided, as in these experiments, that the concentration of hydrogen peroxide is suffi- 
ciently high to prevent significant dissociation of the red complex, then 


[9] dy = (1—d,/D,) XD,, 


where D, and Dy represent the optical.densities when the vanadium is present entirely 
in the red and yellow forms, respectively, and 


[10] [yellow]/[red] = (D,—d,)/d,. 


Values of d, may be calculated from equations [8] and [9] by successive approximation: 
dps is inserted for d, in [9] and the value of d, thereby obtained is used to calculate a 
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new value for d, from [8]. This is then reinserted in [9], and the process repeated, until 
the value of d, becomes sensibly constant. This was usually realized after one procedure. 
D, may be determined or calculated as previously; D, may be estimated fairly accurately 
by extrapolation of d,», for large relative concentrations of hydrogen peroxide. 

From equations [7] and [10] it follows that, with [H2SO,] = constant, 


(D,—d,)*/(d,)* = K’ X[H:0;]’. 
Observed values of (D,—d,)/d, are plotted against [H,O,] in Fig. 5. D, and D, were 


























1) A. 
Bs 5 6 
| oS OF a = 1:00 
2 ” r 
Dy- dy * f =z | 
dr . 2 08 
Ir ty : slope = 154+0-08 
ll 1:2 
fe) 0-2 0-4 0-6 24 2:0 1-6 12 0-8 0-4 


[H202 M -log [H202] 


Fic. 5. Variation of (D,—d,)/d, with [H2O2] . [H2SO,], VN, = 0.245 (1); 0.502 (2); 1.010 (3). [V] = 0.00199 7. 
Fic. 6. Variation of log [H2SO,] with log [H.O,]. 


assumed to be constant over the range of acid concentration involved; the concentration 
of hydrogen peroxide was corrected for the amount consumed by the formation of the 
red (1:1) and yellow (assumed to be 1:2) complexes; the concentrations of sulphuric 
acid were sufficiently high to swamp any variations produced by the reaction. The linear 
relationships obtained indicate that K’ is a constant for any one value of [H2SQ,], and 
that 


a=b6=¢6, 


thereby confirming that in the yellow complex V:H,O:::1:2. 
The influence of sulphuric acid may be evaluated by putting [yellow]/[red] = constant, 
and by rearranging [7], when 


log [H.O2] = d/b log [H:SO,]—1/6 log K,,y. 
Observed values are plotted in Fig. 6. A linear relationship is again obtained, whence 
d/b = 1.54+0.08. 


No distinction can be made as to whether this result implies the existence of a real 
dependence on [H.SO,] to this power or whether it merely reflects a relationship fortui- 
tously produced by the participation of the anion. 

Rearranging in terms of }, and putting b = 1, equation [6] may now be written 


red + H,O. = yellow + 3/2H2SO,; 
with concentrations expressed as molar, except [H2:SO,], as normal, 


K... — [yellow][H2S0,}” 





= 2.2+0.2 at 22° C. 


7 [red]{H20:] 
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In contrast with the behavior of the red complex, the yellow complex was not absorbed 
by a cation-exchange resin, but was absorbed by an anion-exchange resin, and hence 
exists as an anion; this difference in behavior has been used as the basis for a separation 
of vanadium from chromium by ion exchange (9). 

From the values of K (Table IV) and K,,y, and putting [VO.+]/ [red] = [yellow]/ 
[red] = n, it can be shown that 


n ~ 0.008/[H2SO,]*. 


The value of (1—2m) represents the maximum possible amount of vanadium which can 
exist in the red form under these conditions and is about 0.991 for [H2SOQ,.] = 2 N. While 
this value is in no way directly related to the possible error involved in the colorimetric 
determination of vanadium with hydrogen peroxide by a standardized procedure it does 
emphasize the empirical basis upon which the method rests. 
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INFRARED SPECTRA OF 2,6-DIMETHYL-4-PYRONE COMPLEXES! 


Denys Cook 


ABSTRACT 


The infrared spectra of 2,6-dimethyl-4-pyrone in solution, and in complexes with HgClo, 
ZnCl, BF;, SbCl;, and HBr have been recorded. A band at 1639 cm™ in the free pyrone 
moves to progressively lower frequencies in the complexes as the Lewis acid strength increases, 
identifying this band as the carbony] stretching frequency and the donor site as the carbonyl 
group. A higher-frequency band, at 1678 cm™ in the free pyrone, moves to lower frequency 
on complex formation, but to a much smaller extent, and is to be identified with a stretching 
mode of the ring. The site of protonation in 2,6-dimethyl-4-pyrone salts has been unequivocally 
shown to be the carbonyl oxygen atom. 


INTRODUCTION 


The 4-pyrones form an interesting group of compounds whose basic constitution is 
still somewhat in doubt. An investigation of the structure of 2,6-dimethyl-4-pyrone 
by X-ray diffraction (1) could not be resolved, though a similar study on the sulphur 
analogue, 2,6-dimethyl-4-thiopyrone (2) revealed adjacent ring carbon-carbon bond 
lengths of 1.34. A and 1.42, A. The first value is close to the ethylene value (3), while 
the second is a little smaller than the value of a single bond between two coplanar, 
trigonally hybridized, carbon atoms (4). Conjugation, therefore, extends from the 2 to 
the 6 carbon atom. The degree to which the ring oxygen participates in conjugation, if 
any, is doubtful. The lengths of the C—O bonds, 1.373 and 1.36; A are slightly larger 
than those of the C—O group in a-resorcinol, 1.34, A (5), where the OH group 
is not coplanar with the ring and therefore the degree of conjugation, again, if any, is 
questionable. 

Published data on the vibrational spectra of 4-pyrones and complexes is meager. An 
early work by Ross on the infrared spectrum suffers from experimental limitations (6), 
while Wolkenstein and Syrkin’s Raman study unfortunately gave no polarization data 
(7). Tarbell and Hoffman (8) gave data on some pyrones and thiapyrones. Glusker and 
Thompson (9) investigated the spectra of 2,6-dimethyl-4-pyrone in solution in CCl, and 
CS. saturated with iodine and found some interesting shifts in certain bands. Some 
pyrones and some pyronium salts were studied by Tsubomura (10). The most complete 
data on 1,4-pyrone was the thesis of W. D. Phillips (11) from which some material was 
published by Lord and Phillips (12). 

In a recent paper, Bellamy and Rogasch showed that the 4-pyridones exhibit a reversal 
of the C=C and C=O vibrational frequencies, the latter being of lower frequency, at 
~1580 cm (13). It was also suggested that 4-pyrones show the same effect. Solvent 
effects on the polar carbonyl group of the 4-pyridones were used to prove this point. In 
the present work we have used the extent to which the carbonyl frequency shifts when 
the pyrone is complexed with different Lewis acids as an indication of the site and extent 
of complex formation. 


RESULTS AND DISCUSSION 
Table I shows the main bands in the various spectra. The band marked vec decreases 
from 1678 to 1645 cm~ over the complexes shown, a change of 33 cm~!. The band marked 


1 Manuscript received February 2, 1961. 
Contribution No. 40 from the Exploratory Research Laboratory, Dow Chemical of Canada, Limited, Sarnia, Ont. 
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TABLE I 
Some bands in the infrared spectra of 2,6-dimethyl-4-pyrone 








In solution in: In complexes with: 


CCl, CHCl; Nujol CCl,+I2. C:H;OH HgCl, ZnCl: BF; SbCl; HBr 














1680 1662 1660 


vo=c 1678 1677 1670 1668 1670 1664 1660 1652 1653 1645 
1659 
1562 1560 
vc=o 1639 1630 1612 1600 1597 1571 1530 1518 1496 1488 
1600 
1394 1400 1396 1412 1420 
1372 1368 
1340 a 1340 1350 1340 1337 
1 
dc-H 1158 1163 1161 1168 1172 1181 1179 
6c-H 1035 1040 1040 1039 1035 1056 1035 
958 950 
yco-H 932 940 928 920 
905 900 907 910 911 900 
yc-H 868 872 870 888 871 
848 851 





Yc=o decreases from 1639 to 1488 cm~', a change of 151 cm~. This band is assigned to 
the carbonyl vibration from the following arguments. 

It is widely accepted that when donor-acceptor complexes are formed between carbonyl 
compounds and Lewis acids, a lowering of bond order, force constant, and stretching 
frequency occur in the carbonyl group. Susz recently summarized the frequency changes 
occurring upon complex formation for many adducts of BF;, AlBr;, TiCl,, etc. with 
ketones (14). The concomitant increase in the carbonyl bond distance has been observed 
in one case, the coumarin: HgCl, (and HgBr2) complex (15), where it is about 0.1 A. For 
a given Lewis acid the largest change in carbonyl frequency upon complex formation 
occurs for the compound with the most polarizable carbonyl bond. In this category are 
aromatic ketones and a§-unsaturated ketones. It is likely that a8-, a’8’-unsaturated 
ketones (to which group 2,6-dimethyl-4-pyrone formally belongs) will have an even 
more polarizable carbonyl group, and will give larger shifts on complex formation. The 
2,6-dimethyl-4-pyrone: BF; complex shows a shift of 121 cm which is somewhat larger 
than that of the benzophenone: BF; complex, namely 112 cm-. 

A similar lowering in frequency of a band at 1635 cm has been described in some 
iodine complexes of 2,6-dimethyl-4-pyrone (9). A new band appeared at ~1584 cm—. 
The band in the free pyrone at 1674 cm~ was located at 1658 cm~ in the complex. The 
molecular arrangement in the 2,6-dimethyl-4-pyrone:iodine complex is probably similar 
to that in the acetone:bromine complex recently described (16). The iodine: pyrone 
complexes have been prepared here, using very dilute solutions* of 2,6-dimethyl-4-pyrone 
in CCl, and CS», and an iodine concentration equimolar with the pyrone concentration. 

A difference spectrum (where the pyrone solution is placed in the reference beam, and 
the same solution, but with iodine, is placed in the sample beam) showed ‘“‘negative 
bands” paired with normal bands of approximately the same intensity, thus identifying 
the perturbed band with the band in the free pyrone. 

It is thus felt that considerable confidence can be placed in the frequencies assigned 
to the carbonyl bands in the complexes and in the free pyrone. 


*A misprint must have occurred in this paper, since the pyrone is certainly not soluble to the extent of 15% 
in CCly; 0.15% by weight would be more reasonable. 
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The higher-frequency band at 1678 cm in the free pyrone, lowering progressively 
in the complexes to 1645 cm must, therefore, be associated with a carbon-carbon stretch- 
ing vibration or a nuclear vibration of the ring as a whole. Such a vibration might be 
similar to the one at 1585 cm in benzene (vs using the notation of Wilson (17) and 
Langseth and Lord (18)). 

The lowering of ycuc as the Lewis acid in the complex gets stronger might at first 
sight be ascribed to a real alteration in the force constant and bond order of the C==C 
bond, as these quantities in the C—O bond alter in different complexes. This idea must 
be rejected, however, since in the Lewis acid complexes of similar molecules, such as 
pyridine l-oxide and 4-pyridone, although the ring modes are different from the parent 
compound, there is hardly any variation in the ring frequencies as the Lewis acid varies. 
Because complex formation involves the oxygen atom yg—o and vy_o will vary in different 
complexes. Table II shows ycic and vgeo (or »yx—o) for these compounds (all in chloro- 


TABLE II 
Comparison of yc=c with »yc=o(yn—o) (CHCl; solution) 











Compound vC=C vc=o(vn—o) A 
2,6-Dimethyl-4-pyrone 1677 1630 47 
N-Methyl-4-pyridone* 1646 1581 65 
4-Pyridone 1636 1515 _ 121 
Pyridine-1-oxide 1612 1250 362 








*Reference 11, 


form solution). The two bands for the pyrone are much closer together than the other 
two, and yeucg is at a much higher frequency. It is therefore thought that there is a 
mechanical interaction responsible for splitting two very similar frequencies. 

No frequency lower than ~1645 cm! has been observed for the vcicg vibration in 
any complex. For the strongest Lewis acid, SbCl;, the lowered ycuo is at 1493 cm, suffi- 
ciently removed from veec to preclude any interaction. It is very probable, therefore, 
that the unperturbed value of vcuc is at approximately 1645 cm. In the free pyrone in 
solution in CCl,, the separation of ygig and vguo is 89 cm. This is similar in magnitude 
to that in some symmetrical acid anhydrides, where the unperturbed frequencies are 
identical due to symmetry. The unperturbed values of vcicg and vceeo are, therefore, 
probably close to 1645 cm~!. These values seem very reasonable ones for the vibrations 
involved. The vgno value is close to that in the following similar molecules: tropone, 1642 
cm-!; quinone, 1662 cm. For the yg-c vibration, its precise identity prohibits critical 
comparison, but either a pure carbon-carbon double bond stretching mode, or a mode 
similar to the vs in benzene would be at about the right frequency. Olefinic aldehydes 
and ketones have an absorption due to the C=C stretching vibration around 1624 cm= 
(19). The vgq band in benzene is at 1596; in pyridine at 1580 (20); in the pyridinium ion 
at 1639 (21); in m-xylene at 1618 cm (22). 

The existence of the interaction between ycuc and veo also does not help to identify 
vc-c. Such interaction usually occurs between vibrations of the same species. Since 
vc-o must be of A; species, ye.c must be the same. However, both the ring mode (cf., 
vs in benzene) and a symmetrical C=C stretch would also belong to an A; species 
(see Table II for selection rules), so that a decision between the two cannot be made. 

Possibly the distinction between these two modes has been a little unduly stressed. 
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Examination of the normal co-ordinate displacements (23) of the vs, vibration in deutero- 
benzene (CsH;D has C2, symmetry, as has 2,6-dimethyl-4-pyrone) shows this to be 
almost exclusively associated with stretching the bonds parallel to the C2, axis. Little 
clarification of the vibrational assignments would arise from attempting to label it a 
pure double bond stretching vibration and it is probably best considered as a ring 
mode. 

Usually when such interaction is present there will be alterations in intensity in one 
of the perturbed bands. In the present case, one would expect vcic to borrow intensity 
from yvc-o and as yg.o was lowered by complex formation a decrease in intensity might 
be expected. This is by no means the case as in most spectra both bands are of approxi- 
mately the same intensity (in chloroform solution ycuc is a good deal stronger than 
Yo=o). What complicates the situation, unfortunately, is the difficulty of comparing 
solid-state intensities with solution ones. Additionally, as these two main bands are 
superimposed on other minor bands (the 2,6-dimethyl-4-pyrone molecule has 45 funda- 
mentals), the question of intensity variations is not straightforward. The fact that in 
the BF; and SbCl; complexes (where presumably there is no interaction) ycuc is as 
intense as yc—o, suggests that, in resonance language, an important contribution to the 
real nature of the pyrones must come from structures similar to the following. 


7 . 
a Ain al te anny 
| | 
|+ | 
Cc Cc Cc. +¢ 
CH So” ‘cH; CH/ So” ‘cH, 


A conclusion similar to this has also been drawn from proton-exchange experiments in 
4-pyrone (11, 12). 

Considering next the salts of 2,6-dimethyl-4-pyrone with mineral acids, it follows 
that the only site of protonation must be the carbonyl group. This is proved by the 
lowering of veo by some 151 cm™ in the HBr salt indicative of a strong interaction 
at the carbonyl group. Protonation at the ether oxygen, as was earlier suggested (24), 
would have little or no effect on the carbonyl group vibration. 

The strong broad band in the spectrum of 2,6-dimethyl-4-pyrone hydrobromide at 
2380 cm-', shifting to 1860 cm™ in the deuterobromide is identified as a hydrogen stretch- 
ing motion of the protonated carbonyl group. It is not uncommon for carbonyl oxygen 
atoms to be sufficiently basic to accommodate a proton. Tropone (25), tropolone (26), 
N-methyl urea (27), urea (28), and acetamide (29) can all form ionized solids with certain 
mineral acids and the X-ray diffraction investigations have shown protonation to take 
place at the carbonyl oxygen atom. Furthermore, many dialkylamides show evidence 
of protonation at the same site (30). It is significant that those carbonyl compounds 
capable of forming solid salts with mineral acids are those with low carbonyl] stretching 
frequencies (31). 

In such a complicated molecule having 17 atoms, and, therefore, 45 fundamentals, it 
would be difficult to make a complete assignment, especially when the symmetry is 
C2,, thus permitting all vibrations to occur in both infrared and Raman spectra with 
the exception of the A» species in the infrared. Table III lists the symmetry properties, 
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TABLE III 
Selection rules for 2,6-dimethyl-4-pyrone 

















Symmetry elements Activity Vibrations 
Class Cz) o,(xz) oy(y2) R IR Cand O H Total 
A, s s s p a 8 8 16 
A, s as as dp ta 2 + 6 
B, as s as dp a 7 8 15 
B, as as s dp a 4 4 8 





activity, and selection rules. It is possible though to make an approximate description 
of some bands as Table I shows. 


EXPERIMENTAL 


The spectra were recorded on a Perkin-Elmer Model 221 prism-grating double-beam 
spectrometer using sodium chloride optics. Frequencies are believed accurate to +2 cm~. 

The complexes were prepared by mixing solutions of the two components, if liquid 
or solid, or, if the Lewis acid was a gas, by passing it through a solution of the pyrone. 

2,6-Dimethyl-4-pyrone:SbCl;.—2,6-Dimethyl-4-pyrone:SbCl,; was prepared according 
to Meerwein (32). 

2,5-Dimethyl-4-pyrone:HBr.—HBr passed into CCl, solution of the pyrone gave a 
white precipitate which was recrystallized from a methanol—acetone mixture. Melting 
point 185° decomp. % HBr, 39.1; theory, 39.4%. 

2,6-Dimethyl-4-pyrone:B F;.—BF passed into a CCl, solution of the pyrone gave two 
phases from which a white solid was precipitated with ether. Melting point 135-137°. 

2,6-Dimethyl-4-pyrone:ZnClz.—An acetone solution of the pyrone was mixed with a 
methanol—acetone solution of ZnCl., then poured into ether to give the solid complex. 
It was recrystallized from a methanol—acetone mixture. 

2,6-Dimethyl-4-pyrone:HgCl2.—Concentrated warm solutions of each component were 
mixed and on cooling gave a white solid. It was recrystallized from a methanol—acetone 
mixture. 
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GAS-LIQUID CHROMATOGRAPHY OF TERPENES 
PART III. THE USE OF OLEIC ACID ESTERS AS LIQUID PHASES! 


E. VON RUDLOFF 


ABSTRACT 


The separation of several cyclic terpene hydrocarbons and some oxygenated derivatives 
was studied on a variety of triglyceride and dioleate ester columns. Use of rapeseed oil, 
partially hydrogenated rapeseed oil, olive oil, triolein, tristearin, methyl oleate, and potassium 
oleate as liquid phases led to the conclusion that the presence of an esterified mono-unsaturated 
long-chain acid is a desirable constituent of the liquid phase. Dioleate esters of 1,3-propanediol, 
1,4-butanediol, 1,6-hexanediol, diethylene glycol, and polyethylene glycol showed useful 
differences in the degree of separation of both terpene hydrocarbons and oxygenated deri- 
vatives. Ether linkages, as in the di- and poly-ethylene glycol ester, also were associated with 
favorable separations. When the liquid phase contained free hydroxyl groups, the degree of 
separation of hydrocarbons and ketones was in general less favorable. The spacing of the ester 
groups was found to have some effect on retention data. The separation of such critical pairs 
of isomers as tricyclene and a-pinene, a-fenchene and camphene, and also geometrical isomers 
of oxygenated derivatives is facilitated by use of several of these liquid phases. 


During an examination of the essential oil of the leaves of Eastern white cedar (Thuja 
occidentalis L.) by means of gas—liquid chromatography (GLC) (1), the peak corre- 
sponding in retention time to camphene was isolated and its infrared spectrum was 
found to correspond to that of synthetic camphene. Yet the sample failed to crystallize 
on seeding. Further examination on the rapeseed oil column (2) indicated a second 
component, presumably a-fenchene (3), to be present (partially resolved peak). There 
was no indication of this impurity on either the 6-ft adipate polyester (APEG) column 
or polyphenyl ether columns (2, 4). Other such unresolved or partially resolved pairs of 
isomeric terpenes are frequently encountered, e.g. tricyclene and a-pinene (3), terpino- 
lene and A?-*“®-p-menthadiene (2), or the many geometrical and positional isomers of 
oxygenated terpenes. Thus, for either qualitative or quantitative analyses by GLC of 
mixtures of terpenes and especially essential oils, improved separations over those 
previously obtained seem imperative. Slight improvements were obtained with the 
apparatus used in this study by some modification of the injector (see experimental 
part) and by using less than 5 wl.amounts, but this did not lead to the desired results. 
Bernhard (5) has pointed out that the most useful experimental parameter is the choice 
of stationary liquid phase, and has investigated a large variety of compounds for use 
in the separation of lemon oil constituents. This aspect was further investigated in 
this study. 

The use of polyesters as liquid phases in GLC separation has been studied fairly 
extensively (3-10) and the results obtained with adipate polyesters (4, 5) were a con- 
siderable improvement over older results. However, columns with these liquid phases 
failed to separate several of such critical pairs of isomers. In the previous paper of this 
series (2), it was shown that vegetable oils, such as rapeseed and olive oil, were very 
suitable for the separation of monocyclic terpene hydrocarbons and it was suggested 
that triolein may be useful as a liquid phase. This has now been found to be so, and it 
could also be shown that these triglyceride columns give useful retention data for 
oxygenated monocyclic terpenes. 

1Manuscript received January 30, 1961. 
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During investigations on GLC separations of methyl esters of fatty acids in this 
laboratory, Craig (11) has observed that the spacing of the ester group along a polyester 
chain can have significant effects on the degree of separation. Thus, it is conceivable that 
the close proximity of three ester groups in the triglycerides is not necessarily the most 
favorable arrangement for the separation of terpenoid compounds. Therefore, a number 
of dioleate esters were prepared in which the ester groups were spaced progressively 
further from one another, viz. esters of 1,3-propanediol, 1,4-butanediol, 1,6-hexanediol, 
diethylene glycol, and polyethylene glycol. Oleate esters were chosen because the data 
obtained with the triglycerides suggested that oleic acid was the most desirable acidic 
component in these polyesters. In addition, the polyester of azelaic acid with diethylene 
glycol was tested to obtain further data on the spacing of the ester groups. 


EXPERIMENTAL 

Apparatus 

A Beckman GC-2 chromatograph equipped with a thermal conductivity cell was 
modified by placing the injector as close as possible to the head of the column. The 
temperature of the injector was kept 20-25° C higher than that of the column and the 
detector cell. All experiments were carried out with an inlet pressure of 55 p.s.i. (3.74 
atm) and the column outlet at atmospheric pressure (0.93+0.02 atm). The flow rates 
were measured with a moving soap bubble at room temperature. The chart speed of 
the 1-mv recorder was 10 in. per hour, and samples were injected with a hypodermic 
syringe. 


Preparation of Columns 

All liquid phases were applied to the solid support Chromosorb W (Johns-Manville) 
in the ratio of 6 to 1 by weight. The liquid phase (2.0 g) was dissolved in chloroform 
(45 ml) and to the solution was added, with stirring, the solid support (12.0 g). The result- 
ing thick slurry was stirred for 5-10 minutes, transferred to a shallow tray and stirred 
intermittently until the slurry became a dry powder. The material was then dried in 
vacuo at 50-60° C for 1 hour and packed with constant tapping into 6 ft by } in. O.D. 
copper columns. The weights of liquid phase and solid support for each column are shown 
in Table I. All columns were used for a number of runs before critical measurements 
were taken. 


Synthesis of Oleic Acid Esters 

The technique described by Youngs ef al. (12, 13) was followed throughout. In a 
typical example oleic acid (6.2 g, 22 mmoles, commercial 95%) was dissolved in dry 
petrol (b.p. 60-70° C) (65 ml) and to this was added phosphorus pentachloride (5.0 g, 
24 mmoles). The mixture was heated under reflux with exclusion of moisture for 1 hour, 
then cooled and quickly washed twice with ice water (13). After the petrol solution 
was dried over anhydrous sodium sulphate, the solvent was evaporated. To the residual 
oleyl chloride was added 1,3-propanediol (0.76 g, 10 mmoles) and the mixture was heated 
on a rotary evaporator at 50-60° C for 6 hours, the initial vacuum being gradually 
increased to 10 mm Hg to remove the hydrochloric acid liberated. Any attempts to 
remove unreacted oleic acid by washing a solution of the crude reaction product with 
aqueous alkali resulted in very stable emulsions. Therefore, the residual reaction product 
was chromatographed on a 3X50 cm column of silicic acid, the ester being eluted with 
100-ml aliquots of petrol:chloroform (1:1 v/v). The first three fractions had an infrared 
spectrum expected for the diester but acidic impurities could be detected, especially in 
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the third fraction. The material was combined by dissolving in chloroform (10 ml), solid 
anhydrous potassium carbonate (1.0g) was added, and the mixture was stirred for 
10-15 minutes. It was then rechromatographed on silicic acid to give the crude diester 
(3.6 g, 60% of theory). The infrared spectrum of the eluted material showed no longer 
the presence of free acid, but elementary analysis gave low values for the percentage 
carbon (up to 0.8%). On distilling the crude diester im vacuo (b.p. 195° C at 0.2 mm, air 
bath) the colorless diester was obtained practically pure. Found: C, 76.90%; H, 11.98%; 
neutral equivalent, 3; saponification equivalent, 297. Calculated for C39H 7.04: C, 76.91%; 
H, 12.58%; saponification equivalent, 304.50. 

Where the yield of the diester was poor, a substantial amount of the corresponding 
monoester was recovered from the silicic acid column by eluting first any unreacted 
oleic acid with chloroform and then eluting further with chloroform — 2-butanone (1:1 
v/v). The crude esters were all light to medium yellow in color and were obtained 
colorless only after distillation. Polyethylene glycol mono- and di-oleate failed to distill 
at a pressure of 0.1 mm Hg, and any residual oleic acid which may have been present 
after chromatography was converted to methyl oleate by treatment with an ethereal 
solution of diazomethane. 


Materials 

Triolein, tristearin, and the partially hydrogenated rapeseed oils were kindly donated 
by Dr. C. G. Youngs. Two different samples of partially hydrogenated rapeseed oil 
were used: I (HRO I), having a content of 14% saturated fatty acids, and II (HRO II) 
with 50% saturated acids. The adipate polyester of polyethylene glycol (APEG) and 
azelate polyester of diethylene glycol (AzDEG) were a gift kindly made by Dr. B. M. 
Craig (6). The polyphenyl ether [m-bis(m-phenoxyphenoxy)-benzene], ‘“Tween 85” 
(polyoxyethylene sorbitan trioleate), and polyethylene glycol (Carbowax 1540) were 
commercial products. 

The terpenes used in this study were dedine commercial samples or those previously 
prepared (2). The mixture of trans- and cis-dihydro-a-terpineol was prepared by hydro- 
genating a-terpineol with platinum oxide as catalyst (14). In addition a commercial 
sample of the essential oil of cedar leaf (Thuja occidentalis L.) was used. 


PRESENTATION OF DATA 


In 1958, Ambrose et al. (15) and Johnson and Stross (16) put forward proposals for a 
unified way of presenting GLC data. It was pointed out that reproduction of the actual 
recorder chart gave the least amount of information in a maximum amount of space. 
Tables of relative retention times with respect to a standard, or standards, were to be 
preferred, but far more useful presentation would result from calculation of retention 
volumes (corrected or uncorrected) and(or) partition coefficients. However, all such 
calculated data are obtained from the basic equation Vg = F,¢’ (15) where Vx is the 
retention volume, F, the flow rate of carrier gas at column temperature, and ?¢’ the time 
of emergence of the peak maximum. Now it was shown (4, 17, 18, 19) that the position 
of the peak maximum of a given compound varies considerably with the size of the 
injected sample (over the practical range of about 0.1 to 50 ul used with the type of 
apparatus employed in this study). Also, the retention time may be longer if the com- 
pound is preceded by a much larger quantity of another compound (20). Thus, unless 
all measurements are carried out with identical sample sizes, considerable errors will 
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result in all of the calculated data. The use of equal sample sizes is not only time con- 
suming but is a practical impossibility in essential oils and many mixtures of synthetic 
terpenes. Thus, for practical purposes at least, comparison of the actual recorder tracing 
(chromatogram) will remain the most reliable means of comparing column efficiencies. 
Next best, possibly, is the tabulation of relative retention times (with respect to a 
standard compound) as measured from the point of injection to the initial emergence of 
the peaks under consideration (2). The latter procedure is also subject to small errors 
when peaks are not completely separated. Further objections may be raised since the 
initial emergence is dependent upon detector sensitivity and thus small fluctuations in 
the base line may obscure detection of the initial emergence of a peak to some extent. 
These difficulties can be overcome, in part at least, by drawing the tangent to the peak 
and using the intercept at the base line as reference point. However, this is also subject 
to small variations with different sample sizes and the initial emergence point is to be 
preferred. Therefore, the data obtained in the present study was tabulated as relative 
retention times with respect to a standard and as measured to the initial emergence 
of each peak. 

Retention times, or relative retention times, give no information on the peak width. 
Thus, whilst the relative retention times of two compounds may be the same on different 
columns, the actual separation achieved will only become apparent on comparing the 
recorder charts. Also, in separations involving essential oils different types of organic 
compounds are involved and the relative peak width of, for example, the hydrocarbons 
may be different from those of the ketones, alcohols, etc. Separation factors or functions 
have been put forward (21, 22, 23) to overcome this difficulty, and Jones and Kieselbach 
(24) have proposed the use of the ratio of retention time to peak width (relative peak 
sharpness) as a measure of the efficiency of a column. The latter quantity appears to 
offer advantages since it is a direct measure and not a theoretical concept relating to 
an idealized mode of operation. However, if the retention time is measured at the peak 
maximum, the error discussed above will once again make comparison between peaks 
of different sample sizes unreliable. Also, peak width varies with sample size and a 
smaller value for the relative peak sharpness will be obtained with larger sample size. 
These same observations apply to the use of retention indices as developed by Kovats 
(25). Thus, the visual examination of the charts still remains the most reliable means of 
determining column efficiency when peaks of varying sample size are involved. However, 
some measure of the degree of separation can be obtained by comparing the retention 
time of the point of initial emergence of a peak with that of the peak maximum. This is 
shown in Table I for all the columns studied for limonene (at 80° C) and for camphor 
(at 110° C). Flow rates, retention times of air, and the total weight of the liquid phase 
and solid support are also listed to allow other calculations, if desired. 


RESULTS AND DISCUSSION 


The relative retention times of monoterpene hydrocarbons, 1,8-cineole and p-cymene 
with respect to limonene as obtained on the rapeseed oil, tristearin, methyl oleate, and 
potassium oleate columns are compared in Table II with those obtained on a polyethylene 
glycol (PEG 1540) column. Only insignificant differences in the relative retention times 
were obtained with the rapeseed oil, olive oil, trioleate, and methyl oleate columns and 
only the data for the former are shown. Visual comparison showed a slightly better 
degree of separation for the triolein column, whilst that obtained with olive oil was 
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TABLE II 


Relative retention times (limonene = 1.00) of cyclic terpene hydrocarbons on 
6 ft} in. triglyceride columns at 80° C 








t limonenet 








(minutes) 31.1 33.1 35.4 36.0 9.9 13.6 
Rapeseed Potassium PEG* 

Liquid phase oil HRO I* HRO II* Tristearin oleate 1540 
1. Tricyclene 0.35 0.39 0.39 0.37 0.40 0.32 
2. en t 0.39 0.425 0.43 0.41 0.44 0.325 
3. Unknown 0.44 0.47 \ \ 

4. Camphene 0.465 0.49 (0.50 0.48 nese p0.44 
5. B-Pinene 0.56 0.59 0.62 0.56 
6. Unknown§ 0.63 0.65 0.64 0.61 j 0.625 0.59 
7. a-Phellandrene 0.80 0.82 0.80 0.80 0.78 0.775 
8. a-Terpinene 0.87 0.89 0.89 0.87 0.81 0.88 
9. Limonene 1.00 1.00 1.00 1.00 1.00 1.00 
10 ar 4 1.28 1.29 1.27 1.22 1.30 
11 or ene 1. 1.45 ) } \ 
1 > -< } 1.56 }1.51 1.49 \ 1 65 

Mentiedione 

13. 1,8-Cineole 0.94 0.94 0.92 1.00 1.00 1.125 
14. p-Cymene 1.06 1.08 1.07 1.0) 1.01 1.50 
15. Fenchone 1.82 1.52 -- 


-- — 3.40 





*Abbreviations as used in Table I. 

+Retention time of limonene as measured from injection to initial emergence of peak. 
tFrom cedar leaf oil, possibly a-fenchene. 

§From cedar leaf oil, possibly myrcene. 


slightly worse than that for rapeseed oil. Methyl oleate did not only give very high 
retention times (see Table I), but was found to bleed at higher temperatures. With the 
more saturated triglycerides a decrease in efficiency was noted with increasing con- 
centrations of saturated esters. Quite different results were obtained with potassium 
oleate; the retention times were very low and the resolution was rather poor. Since more 
unsaturated vegetable oils, such as linseed and sunflower oils, gave also poorer results 
than rapeseed oil (2), there is little doubt that esterified oleic acid is the most desirable 
component in this type of liquid phase. 

Pure oleate esters will not oxidize as rapidly as when they are contaminated with more 
unsaturated esters. However, this advantage of synthetic triolein over the vegetable 
oils may be offset by the difficulties encountered in prepe ring pure triolein. Deterioration 
of the vegetable oil columns was conveniently detected by a decrease in the separation 
between 1,8-cineole and limonene; a 6-month-old rapese«d oil column gave even slightly 
longer retention times for the oxide. No noticeable differences in the separation of isomeric 
hydrocarbons were detected, unless the deterioration was severe. This behavior of the 
oleate columns may be due to slow oxidation of the liquid phase resulting in a gradual 
increase in polarity and thus approaching the polyether or polyester type of separation. 
The results obtained with rapeseed oil, triolein, and partially hydrogenated rapeseed 
oil I (14% saturated fatty acids) show that the purity of the triglycerides with respect 
to saturation is not critical up to a content of about 10% of saturated acids. Also, small 
variations in the chain length of the unsaturated moiety (as found in rapeseed oil) do 
not appear to have a marked effect on the degree of separation of terpene hydrocarbons. 

Table III shows the relative retention times of the same terpenes obtained with 
synthetic dioleates, polyethylene glycol monooleate, ‘Tween 85’’, azelate polyester 
(AzDEG), and adipate polyester (APEG) as liquid phase. 1,3-Propanediol dioleate gave 
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TABLE III 


Relative retention times (limonene = 1.00) of cyclic terpene hydrocarbons 
at 80° C on 6 ft X} in. dioleate columns 





t limonenet 
(minutes) 32.9 51.8 23.5 25.3 32.4 17.4 10.2 12.0 





APEG AzDEG 
Liquid phase BDDO* HDDO* DEGDO* PEGDO* PEGMO* Tween 85* polyester* polyester* 





. Tricyclene 0.36 0.37 0.36 0.345 0.35 0.345 0.31 


1 , 
2. a-Pinene 0.41 0.41 0.40 0.375 0.39 0.37 0.33 }0.30 
3. Unknown{ 0.46 0.46 0.45 0.45 0.455 0.46 0.46 0.41 
4. Camphene 0.48 0.48 0.47 0.47 0.47 0.47 0.47 0.49 
5. 8-Pinene 0.62 0.61 0.59 0.59 0.59 \o 58 0.58 0.56 
6. Unknown§ 0.68 0.69 0.65 0.65 0.60 ir 0.60 0.625 
7. a-Phellandrene 0.82 0.84 0.80 0.79 0.81 0.83 0.80 0.79 
8. a-Terpinene 0.88 0.90 0.86 0.855 0.88 0.86 0.83 0.87 
9. Limonene 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
10. y-Terpinene 1.27 1.29 1.25 1.28 1.28 1.28 1.33 1.33 
11. Terpinolene 1.54 1.55 1.51 1.59 \ 1.60 1.59 1.60 1.65 
12. A? @)_p. 1.62 1.61 1.58 1.63 (ae 1.64 1.63 1.71 
Menthadiene 
13. 1,8-Cineole 1.05 0.98 0.95 1.14 0.99 1.02 1.06 1.21 
14. p-Cymene 1.12 1.13 1.08 1.25 1.22 1.25 1.54 1.48 
15. Fenchone 2.01 1.82 1.83 2.37 2.11 2.10 3.50 3.20 











*Abbreviations as used in Table I. 

tInitial emergence of peak. 

frrom cedar leaf oil, possibly a-fenchene. 
From cedar leaf oil, possibly myrcene. 


similar results to those obtained with the unsaturated triglycerides and the relative reten- 
tion times are therefore not shown. All dioleates gave favorable separation, especially so 
for the critical pairs of peaks 5 and 6 and peaks 11 and 12. The separation in the 
a-terpinene to y-terpinene range were especially good on the di- and poly-ethylene glycol 
dioleate columns. Noteworthy is also the finding that on most of these columns fenchone 
was eluted relatively later than on the triglyceride columns. The retention times of 
1,8-cineole with respect to limonene varied considerably and no correlation between the 
degree of separation and the spacing of the two ester groups could be detected. Also, 
the much shorter retention times obtained on the 1,4-butanediol dioleate (BDDO) 
column (in part due to the higher flow rate in this column) as compared with those on 
the propanediol or hexanediol dioleate columns did not result in a markedly different 
degree of separation, except that 1,8-cineole was eluted later with limonene. The presence 
of free hydroxyl groups (polyethylene glycol monooleate, polyethylene glycol, and 
‘““Tween 85’’) results in a loss of over-all efficiency. This can also be seen from the data 
obtained earlier with a polyphenyl ether column (2). Together with the difference in 
separation obtained on the polyester (APEG and AzDEG), polyphenyl ether (PPE), 
and polyethylene (PEG 1540) columns these results lead to the conclusion that for the 
separation of isomeric terpene hydrocarbons, mono-unsaturated hydrocarbon chains and 
ester groups are favorable, but free hydroxyl groups not. The ether linkage of the poly- 
ethers is, in general, favorable, too, and results in a longer retention of 1,8-cineole and 
p-cymene. 

For the study of the composition of essential oils, columns which are equally efficient 
for the separation of oxygenated compounds, including isomeric pairs, are required. The 
separation of the isomeric menthols on either polyethylene glycol (26) or silicone oil 
(27) has been reported, and Ofner et al. (28) have separated the cis-trans isomers of 
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aliphatic sesquiterpenoid alcohols on Apiezon. Also, the retention time of the fastest- 
moving monoterpenoid ketone (usually fenchone) should be such as to allow complete 
separation of the monoterpene fraction. For this reason the relative retention time of 
fenchone at 80° C on some of the columns investigated has been included in Tables II 
and III. The relative retention times with respect to camphor of a number of closely 
related ketones and alcohols and bornyl acetate as obtained with the above columns 
at 110°C are shown in Table IV. Though only a relatively small number of oxygen- 
ated monoterpenes were studied, the retention data obtained allow conclusions to be 
drawn as to which column or columns may be suitable for a specific separation. Since 
the differences obtained with the various triglycerides followed the same pattern as de- 
scribed above, only the results obtained with rapeseed oil and tristearin as liquid phase 
are shown as typical examples. It is noteworthy that the drop in efficiency in going from 
the unsaturated to the fully saturated triglyceride was not as marked as in the case of 
isomeric terpene hydrocarbons. However, this may no longer be true if unsaturated ketones 
or alcohols are involved. The triglyceride columns tend to separate approximately accord- 
ing to boiling point, showing that these columns are intermediate in polarity as com- 
pared with saturated hydrocarbon or silicone and the polyester type of columns. 

Very marked differences in relative retention times were obtained on the various 
dioleate columns. On 1,3-propanedioleate (PDDO) the most remarkable difference is 
that trans-dihydro-a-terpineol and borneol as well as the cis isomer of the former and 
isoborneol were not separated from one another, whilst on the other oleate columns the 
cis isomer and borneol would fall together. The relative retention times on the 1,4-butane- 
diol dioleate (BDDO) column were similar to those obtained with rapeseed oil, except that 
bornyl acetate was eluted more rapidly. This was also so on the polyethylene glycol dioleate 
(PEGDO) column, only here the separation between cis-dihydro-a-terpineol and borneol 
was superior. The hexanediol dioleate (HDDO) column eluted bornyl acetate more 
slowly. The most noticeable differences were obtained with diethylene glycol dioleate 
(DEGDO). Not only are the retention times lower than on the other oleate columns, 
but the relative retention times of the ketones are noticeably higher. The degree of 
separation on the polyethylene glycol monooleate column was of the same order as 
that obtained with tristearin, except that bornyl acetate was eluted ahead of a-terpineol. 

Comparison of the retention data obtained on the triglyceride and oleate ester columns 
with those found on the polyester and polyether columns shows some useful differences. 
The former columns all gave better resolution of the hydrocarbons. This, however, 
appears to be at the expense of longer retention times. Regarding the polyester of azelaic 
acid (AzDEG), also studied in this series (see Tables III and IV), a slight but definite 
improvement in the separation of hydrocarbons with respect to the adipate polyester 
polyethylene glycol column was obtained. Since the retention time of limonene was less 
than half that of most of the oleate ester columns, this liquid phase offers advantages 
in routine analyses. The separation of oxygenated terpenes on this column was of the 
same order as that obtained on the adipate polyester column. Previously it was found 
(2) that succinate polyester was less efficient as liquid phase than adipate polyester as 
far as separation of terpenes is concerned. Thus, there appears to be a definite advantage 
in having the ester groups spaced more than four carbon atoms apart. This relationship 
will, of course, not hold for all types of compounds to be separated, but it confirms 
the observation made by Craig (11) that the distance of polar groups along the chain 
of the polymer may have a significant influence on the degree of separation. 
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The application of the liquid phases found to be most useful in the study of the com- 
ponents of the essential oil of cedar leaves is described in the following communication. 
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GAS-LIQUID CHROMATOGRAPHY OF TERPENES 


PART IV. THE ANALYSIS OF THE VOLATILE OIL OF THE LEAVES 
OF EASTERN WHITE CEDAR! 


E. voN RUDLOFF 


ABSTRACT 


The complete analysis of the neutral volatile oil of the leaves of Eastern white cedar (Thuja 
occidentalis L.) by means of gas-liquid chromatography was attempted. The mixture of 
terpenes was resolved into 28 monoterpenoid components and the major ones were isolated 
in 5- to 20-mg amounts. Comparison of infrared spectra and retention times with those of 
authentic specimens led to the positive identification of d-a-pinene, camphene, sabinene, 
d-limonene, p-cymene, y-terpinene, /-fenchone, /-a-thujone, d-isothujone, camphor, and 
bornyl acetate. a-Thujene, 6-pinene, myrcene, 1,8-cineole, terpinolene, and terpinen-4-ol 
were tentatively identified. The percentage composition of a commercial sample of the oil 
and of one obtained from a tree grown in Saskatoon was determined. The latter oil contained 
7.0 to 7.5% of sesquiterpenoid components, which were resolved into four peaks on polyester 
columns at 189°C 


INTRODUCTION 

In the analysis of essential oils difficulties are encountered which are due to the presence 
not only of a fairly large number of components (up to 40) with a relatively wide boiling 
point range (about 150° to 250° C), but also of position and geometric isomers and of 
compounds which isomerize, autoxidize, polymerize, or dehydrate quite readily. Thus, 
it is not surprising that the analysis of such oils by gas—liquid chromatography (GLC) 
has not advanced as rapidly as, for example, that of fatty acid or hydrocarbon mixtures. 
The direct analysis of a number of essential oils has been attempted (1-8) and several 
of the difficulties encountered have been discussed (1-13). To overcome such difficulties, 
various prefractionation techniques have been applied. Naves et al. (5, 12) have combined 
fractional distillation, GLC, and infrared spectroscopy, and the problems relating to 
commercial practices have been eminently discussed (13, 14). Fractional distillation was 
also used by Cvrkal and Janak (15). Liberti and Cartoni (16), as well as Stahl and Trenn- 
heuser (11), combined GLC with silicic acid column or ‘‘thin-layer’’ chromatography. 
Removal of specific components by use of molecular sieves was described by Brenner 
et al. (17), whereas removal by chemical means (1, 18, 19) has been criticized (8). Most 
of these techniques require larger amounts of material than GLC and the danger of 
decomposition or rearrangement of one or more components is increased. 

With the finding by the author of several liquid phases which give improved separations 
of both terpene hydrocarbons and some of their oxygenated derivatives (20), it was 
hoped that the direct and complete analysis of essential oils by GLC may become 
feasible. Identification of individual components could then be carried out conveniently 
by comparison of retention data and infrared spectra of the constituents of an oil with 
those of authentic specimens. The volatile oil of cedar leaves (Thuja occidentalis L.) was 
chosen as a test mixture because this oil is readily available commercially, its chemical 
composition is well known (21-24), and this conifer species was available locally for the 
preparation of small quantities of the fresh oil. Also, its composition appeared to be 
sufficiently complex to tax the present technique. Since free acids can cause ester inter- 
change in polyester columns (25), only the neutral steam-volatile oil was investigated. 
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Wallach (21) identified the major constituents of cedar leaf oil as d-a-thujone and 
/-fenchone and also isolated d-a-pinene and /-borneol (free and as the acetate). Recently, 
Shaw (23, 24) has carried out a more complete analysis by fractional distillation and 
identified, in addition to the above compounds, /-a-thujene, /-camphene, d-sabinene, 
myrcene, limonene, d-isothujone, /-camphor, and d-terpinen-4-ol. Camphor was also 
found by Wallach, but he considered this to be an artifact (21, 22). Shaw also obtained 
a small amount of sesquiterpenoid material (24), but he was not able to resolve the 
mixture into pure compounds. 


EXPERIMENTAL 


A modified Beckman GC-2 chromatograph with a thermal conductivity cell as detector 
was used and the experimental techniques employed have been described in the pre- 
ceding paper (20). The various 6 ft by } in. O.D. columns employed, with the liquid 
phase and solid support (Chromosorb W) in the ratio of 1 to 6, have also been described. 
In preparative work a 3 ft by } in. column with polyphenyl ether (m-bis(m-phenoxy- 
phenoxy)-benzene) in the ratio of 1 to 4 was used either alone or placed ahead of the 
6-ft analytical columns. Two samples of Thuja leaf oil were obtained, one was from a 
commercial source (Fritzsche Brothers, Inc.) and the other was prepared by steam 
distillation of the leaves and terminal branches (217 g) of a locally grown Eastern white 
cedar tree; yield (1.9 g) 0.88% based on the fresh weight of the leaves. The two oils 
had mp* 1.4562, 1.4630 and [a]p”* —13.0°, —7.9° respectively. The reference compounds 
were either of commercial origin or prepared by conventional methods and, where 
necessary, these were purified in 0.02- to 0.1-g amounts by preparative GLC. The sample 
of thujone was a mixture of a-thujone and isothujone and was used as such. 

In the preparative experiments the runs were carried out “‘blind’’, i.e. with the detector 
current off (26), and the desired fractions were isolated by timing as determined in 
trial runs, using the same sample size. Collection of these fractions was carried out with 
the Beckman fraction collector (No. 92730), the traps being cooled with a dry ice - 
ethanol mixture. The infrared spectra of pure fractions were obtained with a Perkin— 
Elmer Model 21 spectrophotometer, using both the film technique and dilute solutions 
in chloroform. 

In the analytical GLC experiments, 3-5 ul aliquots of the leaf oil were injected. The 
percentage composition was then calculated by means of the area under the peaks. Before 
and after each run, standard samples were run to determine the retention times of 
reference compounds. The retention times obtained on a 6-ft rapeseed oil column at 
110° C and a flow rate of 93 ml helium per minute are shown in Table I. For complete, 
or nearly complete, resolution of the terpene hydrocarbons 12-ft rapeseed oil, poly- 
ethylene glycol dioleate (PEGDO), and azelate polyester (AzDEG) columns were 
used. High-boiling components (sesquiterpenes) were detected on the adipate (APEG) 
polyester column at 180° C and azelate (AzDEG) polyester column at 160 to 180° C. 


RESULTS AND DISCUSSIONS 


Aliquots of the commercial cedar leaf oil were analyzed at 80° C and 110°C on all 
of the columns described in the previous paper (20). The best over-all resolution was 
obtained with the rapeseed oil column at 110° C (Fig. 1); 25 peaks were recorded. All 
of the chromatograms were compared visually and it was concluded that useful differences 
in the separation of these peaks were obtained with the polyethylene or diethylene glycol 
dioleate (PEGDO, DEGDO), hexanediol dioleate (HDDO), polyethylene glycol (PEG 
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TABLE I 
Composition of the volatile oil of the leaves of Eastern white cedar 





























Components Calculated composition (%) Composition Retention 
— reported by time* 
Peak No. Compound Commercial oil Saskatoon oil A. C. Shaw (24) (minutes ) 
1 Unknown 0.1- 0.2 — — 4.0 
2 Unknown 0.1- 0.2 Trace _— 5.4 
3 a-Thujenet 0.2—- 0.3 0.2- 0.4 0.8 6.0 
4 d-a-Pinene 1.2- 1.5 1.0—- 1.3 2.6 6.5 
5 a-Fenchenet 0.7- 0.8 0.7- 0.8 -— 7.5 
6 Camphene 1.1- 1.3 0.9 1.1 2.0 7.8 
7 d-Sabinene 1.7- 1.9 3.3- 3.5 \ 3 5 9.0 
8 8-Pinenet 0.5- 0.6 1.2- 1.5 Ri 9.5 
9 Myrcenet 0.4— 0.6 0.2- 0.3 0.9 (1.3) 10.4 
10 1,8-Cineolet 0.2- 0.4 0.1- 0.2 = 2.4 
11 d-Limonene 0.8- 1.0 0.8- 1.2 3.6 14.0 
12 p-Cymene 1.2— 1.6 0.4- 0.5 — 15.2 
13 y-Terpinene 0.2- 0.4 0.2- 0.4 — 16.7 
14 Terpinolenet 0.1- 0.2 Trace — 19.5 
15 /-Fenchone 13.5-14.5 10.6-11.5 7.8 22.5 
16 d-a-Thujone 59.0-61.5 53 .0-55.0 47.5 26.5 
17 Isothujone 9.0-10.0 8.8- 9.5 9.2 31 
18 Unknown 0.3- 0.5 0.4- 0.5 — 33 
19 /-Camphor 1.9- 2.3 2.8- 3.5 2.5 37.4 
20 Unknown 0.3- 0.4 0.2- 0.3 — 40.5 
21 Unknown 0.1 — _ 44 
22 Terpinen-4-olf 0.9- 1.5 0.9- 1.4 2.7 47.5 
23 Unknown 0.2- 0.3 —_ — 51.5 
24 Bornyl acetate 2.0- 2.5 0.5- 0.9 5.9 55.5 
25 Unknown 0.2- 0.4 os — 60 
26-28 Unknown 0.2- 0.3 0.5- 0.7 Ve 8 — 
29-32  Sesquiterpenoid 0.8- 1.2 7.0- 7.3 7™ — 
*On a 6-ft rapeseed oil column at 110° C and a flow rate of 93 ml helium per minute. 
tTentatively identified. 
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Fic. 1. Chromatogram of a commercial Eastern white cedar leaf oil on a 6-ft rapeseed oil column at 
to 


1540), and diethylene glycol azelate polyester (AzDEG) columns, and these were used 
for the more detailed qualitative and quantitative analyses. 

Whereas the oxygenated components (peaks 15 to 25 in Fig. 1) were separated readily 
on the 6-ft columns (at 110° C), the hydrocarbons (peaks 1 to 14) presented difficulties, 
a finding which is also apparent from the data of Zubyk and Conner (10). The resolution 
of components 3 and 4, 5 and 6, and 7, 8, and 9 was better at 80-90° C, but even then 
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tentative identification by comparison of retention times was difficult; e.g. whereas 
the retention time of component 4 corresponded to that of a-pinene on all columns, 
that of component 3 was the same as that of either tricyclene or a-thujene. The in- 
complete resolution of components 5 and 6 or 7 and 8 made the. identification and 
isolation of these compounds also difficult. For this reason, the oils were also analyzed 
on 12-ft rapeseed oil, polyethylene glycol dioleate, and azelate polyester columns (at 
100 to 110°C). Although this procedure resolved the monoterpene components satis- 
factorily (see Fig. 2) it was rather time consuming, since the higher-boiling compounds 
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Fic. 2. Chromatogram of the monoterpene hydrocarbon fraction of the cedar leaf oil on a 12-ft rape- 
seed oil column at 110° C. 


had to be eluted (or back-purged) before the next analysis could be carried out. Pre- 
fractionation into the monoterpenoid hydrocarbons (peaks 1 to 14), oxygenated mono- 
terpenes (peaks 15 to 25), and higher-boiling components (if present) was thus desirable. 
This was carried out by preparative GLC on a 0.3- to 0.5-g scale (see below). To determine 
whether higher-boiling components were present, aliquots of the oils were analyzed on 
the polyester (APEG and AzDEG) columns at 180°C. The commercial oil showed 
only three trace components in the geraniol range and two minor components in the 
sesquiterpene alcohol range (26), but the oil from the local tree contained seven detectable 
compounds in this region, three of which were present in significant amounts. 
Prefractionation was carried out on a 3-ft-long column at 110° C with polyphenyl 
ether and solid support in the ratio of 1 to 4. Individual peaks were not separated and 
skewing was very marked when 300- to 500-yl aliquots were used. However, components 
1 to 13 or 14, 15 to 18 or 19, and 19 or 20 to 25 were obtained as distinct groups. The 
higher-boiling components were not recovered at this temperature. Experiments at 150 
to 180° C allowed the recovery of the sesquiterpenoid compounds but several of the more 
labile monoterpenes decomposed to a considerable extent. When azelate or adipate 
polyester columns were used, decomposition was detected already at 130° C. Also, with 
all polyester columns trans esterification of the alcohols in the oil may take place (25). 
Therefore, prefractionation of 0.3- to 0.5-g aliquots was carried out with a polyphenyl 
ether column at 110° C. The fractions thus obtained were then separated into individual 
components on suitable analytical columns, when 5- to 20-mg amounts of components 
3, 4, 5 and 6, 7, 8, 9, 11, 12, 15, 16, 17, 19, 22, and 24 were isolated. The amounts isolated 
allowed the determination of the infrared spectra and in some instances the sign of 
optical rotation. Comparison of the infrared spectra and retention times with those of 
authentic specimens led to the identification of components 4 (d-a-pinene), 6 (camphene), 
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7 (sabinene), 11 (d-limonene), 12 (p-cymene), 13 (y-terpinene), 15 (/-fenchone), 16 (/-a- 
thujone), 17 (d-isothujone), 19 (camphor), and 24 (bornyl acetate). The separation of 
components 5 and 6 was incomplete and camphene failed to crystallize on seeding with 
the synthetic compound. The infrared spectrum of the mixture corresponded in all 
respects to that of camphene. Since component 5 is present in almost equal amount 
(see Fig. 2), it follows that its infrared spectrum must be very similar to that of cam- 
phene. This, together with the retention data, suggests that component 5 is a-fenchene. 
Components 3, 8, 9, 10, 14, and 22 were not obtained sufficiently pure to allow a positive 
identification, but the data agreed with those for a-thujene, 8-pinene, myrcene, 1,8-cineole, 
terpinolene, and terpinen-4-ol respectively. The remaining components (peaks 1, 2, 18, 
20, 21, 23, 25, 26 to 28, and the sesquiterpenes) could not be identified, mainly because 
suitable reference compounds were lacking. 

The material having higher retention times than component 25 deserves some com- 
ment. Using the adipate polyester (APEG) column at 180° C and a flow rate of 60 ml 
helium per minute five minor components beyond peak 25 were recorded when 3 ul 
of the commercial oil was injected. The first three (peaks 26 to 28) amounted to less 
than 0.3% and had retention times (RT) of 6.2, 7.7, and 10.3 minutes respectively, 
which are in the geraniol range (RT 7.2 minutes). The other two peaks (RT 22.8 and 
27.3 minutes) amounted to 0.4 to 0.6% each and were in the eudesmol range (RT 24.8 
and 30.0 minutes). The fresh oil from the local tree showed not only a higher content 
of these higher-boiling components (7.5 to 8.0%), but had in addition two further com- 
ponents (RT 14.8 and 18.8 minutes). The amounts recorded for these seven components 
in order of their retention times were about 0.3, 0.1, 0.3, 1.1, 0.4, 1.7, and 4.0% respectively. 
The separation of these compounds on other columns which could be operated at 160 
to 180° C was not as good (see also (26)). Sesquiterpene hydrocarbons, if present, would 
fall into the monoterpene alcohol range. 

In the quantitative determinations, the main question was whether the detector 
response was the same for all compounds encountered. Zubyk and Conner (10) reported 
that when a thermal conductivity cell is used with helium as the carrier gas, the area 
under the peak is approximately proportional to the amount of the compound repre- 
sented by that peak. Messner et al. (27) and Jamieson (28) have shown that the response 
varies with the molecular weight and branching of the molecule and proposed the use 
of correction factors to increase the accuracy of the calculated data. The determination 
of the amount of a compound present in a mixture by the various methods commonly 
employed (e.g. triangulation) may be subject to some errors in itself (29). For these 
reasons a mixture of representative terpenes was made up and the percentage composi- 
tion was determined on all columns used by means of the triangulation method. The 
values obtained for the hydrocarbons were somewhat high and those for the less volatile 
oxygenated compounds correspondingly low. A source of this error was the amount of 
tailing, which was negligibly small for early peaks but increased for later peaks. When 
the area due to tailing was included in the calculations, the results (Table II) were 
within the limits of the error of this method, which is about 3 to 8% for the size of 
peak obtained (29). However, the values obtained for the hydrocarbons still tend to be 
high and those for the oxygenated compounds low. The use of correction factors would 
become very cumbersome since these would differ from column to column as well as 
for different types of compounds. Therefore, the quantitative composition of the essential 
oils under investigation was determined by calculation of the area under each peak 
(triangulation method) and including the amount due to tailing where this became 
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TABLE Il 
Composition of the synthetic mixture of terpenes as determined on a number of GLC columns 

















% determined on different columns (at 110° C) 











Weight PEG 
Compound (%) Rapeseed 1540* AzDEGt DEGDO?t HDDO$§ 
a-Pinene 6.7 7.2 7.4 6.85 7.2 7.5 
8-Pinene 5.95 6.5 6.4 6.25 6.4 6.5 
Limonene 9.1 10.35 10.1 10.5 11.0) 10. 5|| 
1,8-Cineole 5.2 5.5 5.45 5.55 5.0]! 5.0) 
Fenchone 25.2 24.4 24.9 25.3 24.8 25.1 
Thujone le ‘ 15.2 15.6 15.3 15.8 15.6 
Isothujone | 11.9 12.0 11.2 11.4 11.4 
Camphor 8.45 8.5 8.3 8.5 8.3 8.3 
Borny] acetate 10.8 10.4 9.85 10.5 9.8 10.1 





*Polyethylene glycol (Carbowax 1540). 

tAzelate polyester of diethylene glycol. 
tDiethylene glycol dioleate. 

§1,6-Hexanediol dioleate. 

||Incomplete separation (approximate values only). 


| 
| 
| 


measurable. In Table I the range of the percentages calculated from the data obtained 
with five columns is shown for both the commercial and the local oils. Allowance was 
made for the presence of the sesquiterpenes when these were not eluted. This table also 
shows the composition of a cedar leaf oil analyzed by Shaw (24) by means of fractional 
distillation. ; 
Comparison of the present data with that reported by Shaw shows that the analysis 
by GLC leads to more complete data and distinctly better separation of individual 
components. Since the difference in composition of the commercial oil and that isolated 
from a locally grown tree was only small, the smaller number of compounds identified by 
Shaw cannot be due to the source of material only. GLC analysis of the commercial oil 
at 180° C showed only five minor peaks after component 25 and amounting to about 
1%. Thus, it is reasonable to assume that the analysis by GLC covers practically all 
of the volatile material. If one adds to this the very small amounts required (less than 
5 ml in the present study), then the advantage over preceding techniques is considerable. 
However, the difficulties encountered in identifying 5- to 10-mg amounts of terpenes 
are a disadvantage, since at no time may agreement of retention times with known 
compounds be taken as a positive identification. Once the chemical composition of a 
particular oil has been established, the analysis of a similar oil is rapid and very con- 
venient since only milligram amounts of the oil to be compared are required. In the 
present study, less than 50 mg of the oil from the locally grown tree was used. This 
fact should facilitate greatly studies of botanical variations, etc. and the method may 
become very useful in questions relating to plant physiology, morphology, and taxonomy. 
Two observations which may affect the analysis by GLC must be pointed out. On 
some columns (e.g. with hexanediol dioleate as liquid phase) the retardation of com- 
ponents 17 to 25 due to the large amount.of a-thujone (peak 16) in the oil was found 
to be outside of the error of measuring retention times. Raupp (30) reports similar 
findings due to preceding peaks. When the charts obtained with, for example, the 6-ft 
rapeseed oil column at 80°C and the 12-ft rapeseed oil column at 110°C were com- 
pared, the increase in separation obtained on the longer column was not very marked. 
However, the peak height resulting from the same amount of material was larger at the 
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higher temperature and thus the definition of the trace components was superior. Also, 
at the higher temperature somewhat larger samples could be used before a loss in the 
degree of separation became noticeable, making detection of trace components easier. 


CONCLUSIONS 


Using several columns with liquid phases having different separation properties, the 
volatile oil of cedar leaves was resolved into 30 to 32 components. Although comparison 
of retention data (obtained on columns having different polarities) facilitates the identi- 
fication of individual components, such identifications should not be accepted without 
correlation with at least one other reliable technique. Isolation of individual components 
in more than milligram amounts is as yet difficult, unless the separation factor is relatively 
large. Prefractionation can overcome this difficulty only in part. Such small amounts 
of terpenes seldom allow chemical identification, and physical methods have to be relied 
upon. Positive identification may fail when two components are so closely related that 
differences in physical properties are too small to be detected. 

The quantitative determination of individual components presents less difficulty, and 
the GLC technique becomes especially attractive when an oil of the same species is to 
be compared qualitatively and quantitatively with one from a different source. 
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SULPHONIUM SALT SOLVOLYSIS 


PART I. EFFECT OF CONCENTRATION, ANION TYPE, AND 
SOLVENT VARIATION ON RATE OF REACTION! 


J. B. Hyne 


ABSTRACT 


Previous work on the mechanism of sulphonium salt solvolysis is reviewed briefly. Rate 
data, determined by two independent methods, is presented for the solvolysis of dimethyl-t- 
butyl sulphonium iodide, bromide, and chloride in water and various ethanol—water mixtures. 
Rate dependence on the anion character and concentration of salt is shown to develop as the 
dielectric constant of the medium is lowered. The results are interpreted in terms of the 
increasing importance of an ion-pair mechanism as the composition of the medium is changed. 
The interpretation is substantiated by independent evidence for ion-pair formation. 


INTRODUCTION 


The solvolysis of sulphonium salts (R3S*+, X~) with the displacement of an electrically 
neutral thioether molecule (R2S) represents a type of reaction where the formal charge 
of the initial state undergoes delocalization in the formation of the transition state. Such 
a delocalization phenomenon will be operative in solvolytic mechanisms of both the 
Syl and Sx2 type although to a different degree in each case. 

Sxt type: 
. d+ d+ 
R;C—SR, ——— | Rc $R. —— R;C* + RS, 
f™N 


Solvolysis Elimination 


Syx2 type: 
+ d— d+ d+ 
B- + R;C—SR, oe B— R;C----SR. cuales d B—CR; + RS. 


Transition state 


The effect of lowering the dielectric constant of the solvolytic medium on such a mecha- 
nism has been shown by various workers (1, 2, 3) to be an increase in the rate of solvolysis. 
This is as would be predicted on the basis of increased stability of the charge-dispersed 
transition state over the formally charged initial state as the dielectric constant is 
lowered. The behavior is the converse of that normally observed in the more fully studied 
solvolysis of alkyl halides and benzenesulphonates where charge is created on passing 
from the initial dipolar to the ion-like transition state. 

One of the most thoroughly studied cases of sulphonium salt solvolysis has been that 
of dimethyl-t-butyl sulphonium chloride. In this particular system it is now generally 
accepted that the mode of solvolysis in media of high dielectric constant (e.g. water) is 
the Syl type mechanism (3, 4, 5, 6). Such a mechanism is reasonable in the case of the 
dimethyl-t-butyl sulphonium ion in water in view of the high solvating power of water 
and the stability of the intermediate ¢-butyl carbonium ion. It has also been shown (6) 
that the sulphur isotope effect in this solvolysis is considerable, an observation in keeping 
with the large distortion of the C—S bond in the Syl transition state. In cases such as 
tribenzyl (7) and trimethyl (7, 8) sulphonium halides, however, the stability of the 

1Manuscript received January 13, 1961. 
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incipient carbonium ion is reduced to the point where it is questionable whether an Syl 
mechanism could be operative even in high dielectric media such as pure water. This 
is especially true in the trimethyl sulphonium salt. Recent work on the ethanolysis of 
trimethyl sulphonium salts (8) has shown that the anion is intimately involved in the 
rate-determining step and that the Syl type mechanism is extremely improbable as 
might be expected from a combination of the instability of the methyl carbonium ion 
and the low dielectric constant of the ethanolic medium. 

Although the solvolysis of dimethyl-t-butyl sulphonium halides in water proceeds by 
a predominantly Syl mechanism the question immediately arises as to whether this 
mode of reaction persists as the dielectric constant of the medium is lowered and the 
stability of the carbonium ion decreases. Swain and Kaiser (7) have suggested several 
other possible mechanisms including the participation of ion-pairs in the rate-determining 
step at lower dielectric constant. In order to check the possibility of such ion pairing 
these authors carried out conductimetric measurements on sulphonium salts in 90% 
acetone—water solution (D = 25) and concluded that the agreement between the meas- 
ured equivalent conductances and those calculated by the Onsager equation for strong 
electrolytes was sufficiently close to preclude the presence of a significant degree of ion 
pairing. Jacobson and Hyne (9) have repeated the conductance study for trimethyl 
sulphonium iodide in various ethanol—water mixtures using the modified Fuoss method 
of analysis (10) to determine the degree of ion pairing involved. These latter workers 
found that, below a dielectric constant of 30, ion pairing in such a system was suffi- 
ciently significant to be observable as a kinetic effect if the ion pairs participated in a 
rate-determining step. The purpose of the work reported in this paper and subsequent 
papers of the series was to investigate the possibility of other mechanisms of solvolysis 
replacing the Syl type as the predominant mode of reaction as the dielectric constant 
of the solvolytic medium is reduced. 


CONDUCTIMETRIC KINETIC MEASUREMENTS 


Since the solvolysis of dimethyl-t-butyl sulphonium halides involves the replacement 
of the bulky sulphonium ion by a proton, the rate of reaction can be followed conducti- 
metrically under pseudo first-order conditions with the solvent present in great excess. 

X- + (CHs)sS*—C(CHs)s + ROH — (CHs)2S + (CHs)s;COR + HX (R =H, or alkyl) 

or olefine 
Conductance measurements were made in the usual manner using a precision a-c. con- 
ductance bridge (11) and the data analyzed to obtain rate constants by the method of 
Guggenheim (12). Rate constants were reproducible to better than +0.5%. Table I 


TABLE I 
Rates of solvolysis of 0.001 M dimethyl-t-butyl sulphon- 
ium salts in various ethanol-water mixtures at 78.4° C 
(conductimetric method) 








kX10*, sec 











Mole fraction 

ethanol - Br- cr 
0.000 3.55 3.52 3.54 
0.125 4.02 
0.236 4.52 

0.415 5.35 
0.552 5.81 5.77 5.76 
0.730 6.85 6.15 
0.855 7.73 6.68 6.08 
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contains rate constants measured at several mole fractions of ethanol in water at 78.4° C 
for dimethyl-t-butyl sulphonium iodide, bromide, and chloride. These data are plotted 
in Fig. 1(@). As the dielectric constant of the solvolytic medium decreases, however, 
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Fic. 1. Rate of solvolysis of 0.001 M dimethyl-t-butyl sulphonium salts in ethanol—water mixtures; 
O iodide, + bromide, X chloride 


the hydrohalic acid no longer behaves as a strong electrolyte. This condition is necessary 
for the valid application of the Guggenheim type of analysis since this method depends 
upon the assumption that the conductance is a linear function of the concentration. 
Furthermore at high ethanol compositions the conductance was found to decrease as 
the reaction proceeded, this being shown to be due to the reaction of HX with the 
alcohol. It is therefore clear that beyond a mole fraction of 0.75 ethanol the conducti- 
metric method is not dependable. Such a back reaction of HX with the alcohol will 
also introduce errors in rate determinations involving titration of the hydrohalic acid 
released in the reaction. From Fig. 1(@), however, it is clear that it is particularly in this 
high ethanol composition region that the role of the anion becomes apparent in the 
rate-determining process. 


RADIOCHEMICAL KINETIC MEASUREMENTS 


In order to investigate the kinetic behavior of the various dimethyl-t-butyl sulphonium 
salts in the highly ethanolic range of solvent composition the continuous-flow-counting 
radiochemical technique of Hyne and Wolfgang was applied (13). This method has 
the advantage of the precision characteristics of the conductimetric technique, but does 
not suffer from breakdown in low dielectric media. The method depends essentially 
upon a continuous sampling of C-labelled dimethyl sulphide as it is produced and 
swept from the reaction mixture by a stream of inert gas. Labelled materials were pre- 
pared as described previously (13). Due to the fact that this method involves an open 





1210 : CANADIAN JOURNAL OF CHEMISTRY. VOL. 39, 1961 


reaction system it was not possible to work at 78.4° C as in the conductimetric case 
due to the proximity of the boiling point of ethanol. It is not necessary, however, to 
compare (at the same temperature) rate values determined conductimetrically with 
those determined radiochemically but rather to observe the effect of solvent change 
on the rates of solvolysis of different salts. Consequently the whole range of solvent 
compositions was scanned again at a lower temperature using the radiochemical method. 
in this work, only the chloride and the iodide salts were used. The rates so measured 
are shown in Table II and plotted in Fig. 1(6). It should be noted that the radiochemical 


TABLE II 
Rates of solvolysis of 0.001 M dimethyl-i-butyl sulpho- 
nium salts in various ethanol—water mixtures at 75.9° C 
(radiochemical method) 











Mole fraction 
ethanol 
0.000 
0.501 
0.555 
0.800 
0.944 
0.970 
1.000 


me seoeen 
8 S238 


method measures the rate of solvolysis of only the C'-labelled salt.* Consequently if 
an isotope effect is present the radiochemical and conductimetric methods should not 
give precisely the same rate even under identical conditions. As was shown previously 
(13) there is no detectable isotope effect in the hydrolysis (pure water medium) as might 
be expected due to the fact that at best the effect would be secondary. This does not 
ensure, however, that the isotope effect might not become important if the mechanism 
were to change. As stated above, however, the phenomenon under study is the influence 
of the solvent medium on the rate of reaction, and provided that the labelled salt is 
used throughout the range of solvents investigated the kinetic data will be internally 
consistent. 


DISCUSSION OF RESULTS 

Effect of Anion Type 

It is clear from the plots in Fig. 1 that within the solvent range 0.0 to 0.6 mole fraction 
ethanol any specific effect due to the anion type in the sulphonium salt is not of sufficient 
magnitude to be detected kinetically. At mole fractions of ethanol greater than 0.6, 
however, the differences in rates of solvolysis of the various salts become increasingly 
significant both in conductimetric and radiochemical methods of measurement. It 
should be noted that it was at approximately the same mole fraction of ethanol that 
ion pairing was found to become significant (i.e. >2%) in the conductance measure- 
ments of Jacobson and Hyne (9). 


Effect of Concentration of Salt 
In Table III the rates of solvolysis of dimethyl-t-butyl sulphonium chloride in water 


*This point was brought to the notice of the author by Dr. J. A, Llewellyn after the publication of reference 13. 
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TABLE III 


Effect of concentration on rates of solvolysis of dimethyl]-t-butyl sulphonium 
chloride in various media 





kX10, sec 











Concn. salt, 0.55 mole 

ie M HO fraction EtOH Reference 
78.4 0.05 3.52 7.11 i, 2° 

78.4 0.001 3.53 5.75 This work 
50.4 0.05 0.064 0.131 1? 

50.4 0.006— 0.065 0.115 3 

0.013 
50.4 0.001 0.063 0.105 This workt 





*These rates interpolated from data at other temperatures. 
tAdditional rate measurement for comparison purposes. 


and 0.55 mole fraction ethanol as reported by various workers are shown. The point 
of major interest in this data is the effect of change of initial concentration of the salt 
on the observed rate. At both 78.4° and 50.5° variation in concentration of salt has no 
measurable effect on the rate of solvolysis in water. In 0.55 mole fraction ethanol, how- 
ever, the observed rates are significantly different at the three concentrations of the 
sulphonium chloride used and are higher for higher salt concentrations. 


Interpretation of Observed Effects 

All the evidence presented in this paper suggests the increasing participation of ion 
pairing in the rate-determining process as the dielectric constant of the solvolytic medium 
is reduced. The facts may be summarized as follows. 

(a) The rate of solvolysis shows an increasing dependence upon the nature of the 
anion as the solvent dielectric is reduced. 

(b) The value of the dielectric constant at which the rate begins to show a detectable 
dependence on the nature of the anion is approximately equal to that at which the degree 
of ion pairing in sulphonium salts has been shown to become significant. 

(c) For a given anion the rate of solvolysis shows a dependence on the total initial 
concentration of salt in low-dielectric media but not in high-dielectric media. 

These observations can be explained by the following mechanism. 


Ka 
R,S* + X- == BS‘ 
k, Rip 


The sulphonium salt can solvolyze either from an initial free ion state (k,) or from an 
initial ion pair state (Ry). When the solvolysis proceeds predominantly from the ion 
the rate should be virtually independent of the nature of X~ since this species is not 
involved in the rate-determining transition state. This is as observed in water where 
K, (ion association constant) has been shown to be very small (9). As the dielectric 
constant of the medium is reduced, however, Kx, increases and the concentration of 
ion pairs becomes a significant fraction of the total. An increasing proportion of the 
reaction can therefore proceed via the ion-pair pathway. The conductance studies of 
ion pairing of trimethyl sulphonium iodide in ethanol—-water mixtures (9) shows less 
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than 2% ion pairs in 10-* M salt below mole fraction 0.55 ethanol, but this figure 
increases rapidly beyond 0.55 mole fraction ethanol to a value in excess of 10% at 
0.95 mole fraction ethanol. It is in such solutions containing greater than 0.55 mole 
fraction ethanol that rate dependence on anion character is observed. 

Although at 10-* M and 0.55 mole fraction ethanol the degree of ion pairing is not 
sufficient to be kinetically measurable by varying the character of the anion (Fig. 1) 
higher total concentrations of a given anion will force the equilibrium to the right and 
the degree of ion pairing will be higher at higher salt concentrations. A greater pro- 
portion of the solvolysis will therefore proceed through the ion-pair mechanism. The 
data of Table III not only substantiate this reasoning by virtue of the variation of 
rate with concentration but show that the rate of solvolysis from the ion pair must be 
greater than that from the ion (ky > &,) since the over-all rate increases with increasing 
concentration of ion pairs in the system. This relative order of rates is in keeping with 
the fact that the difference in charge character between the ion pair and the charge- 
dispersed transition state is less than that between the free ion and the charge-dispersed 
transition state. Consequently attainment of the transition state from the ion pair will 
be energetically favored and hence the rate by that path will be greater. 

It is seen from Fig. 1 that at a given concentration, temperature, and solvent com- 
position the order of rates of solvolysis, when differences are detectable, is I- > Br- > Cl-. 
This phenomenon could be due to one or both of the following factors. If the order of 
magnitude of the association constants was K,(I-) > K,(Br~) > K,(CI-) then under 
a fixed set of conditions the proportion of the solvolysis proceeding through the ion-pair 
intermediate would be greatest in the case of the iodide and least in the chloride 
salt. Since ky > ks the observed order of rates would be as found. Assuming the relation- 
ship between association constant (K,) and center-to-center distance (a) in the ion 
pair (14, 15), In Ky = e?/aDkT + const., K, should decrease as the center-to-center 
distance increases. Presumably as the ionic radius of the anion increases the center-to- 
center distance in the pair with a fixed cation should also increase. Consequently K, 
should decrease as the anion is changed from CI- through Br~ to I~. Such an argument 
would suggest rejection of the explanation of the observed order of rates based on 
variation of K, with anion type. However, very few tests have been made of the validity 
of the relationship where the anion has been varied through a series such as the halides. 
On the other hand, experimental determination of the degree of association of lithium 
halides in acetic acid (16) has revealed an order of K,’s Lil > LiBr > LiCl. Similarly 
the order of association constants for the reaction Pb++ + X- = PbX*+ in water has 
been shown to be I- > Br~ > Cl- (17). The second possible explanation lies in varia- 
tion of ky, with the nature of the anion in the ion pair. It would be very surprising if 
ky did not vary in such a manner but it is again difficult to predict the direction of the 
variation without a detailed knowledge of the mechanism of solvolysis of the ion pair. 
It is noteworthy, however, that the order of rates is that of the order of nucleophilicity 
of the anions, suggesting a nucleophilic role for these species in the solvolytic mechanism. 


CONCLUSIONS 


The role of a rate-determining step involving participation of the anion in the solvol- 
ysis of dimethyl-t-butyl sulphonium salts has been shown to become significant as the 
dielectric’ constant of the medium is reduced. Experimental evidence points to the 
participation being of the ion-pair type but a more thorough analysis of the details 
of the ion-pair mechanism is required. 
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AN INFRARED STUDY OF TRIMETHYLAMINE OXIDE, 
ITS HYDRATE, AND ITS HYDROCHLORIDE! 


PauL A. GIGUERE AND Davip CHIN 


ABSTRACT 


The infrared spectra of trimethylamine oxide, its hydrate, and its hydrochloride in the 
solid state were measured over the range 300 to 3500 cm™ to ascertain the nature of the 
bonds in these compounds. From the observed stretching frequencies, 937 cm for N—O 
and 945 cm~! for C—N, the corresponding bond lengths are calculated to be 1.44 and 1.50 A 
in agreement with X-ray and electron diffraction data. Both these frequencies remain un- 
changed in the hydrate and the hydrochloride as could be expected for molecular compounds. 
However, in the hydrochloride most of the evidence points to an ionic constitution. In both 
the hydrate and the hydrochloride the hydrogen bonds are particularly strong presumably 
because of the formal charges. 


INTRODUCTION 


Trimethylamine oxide (CH;);NO offers the classical example of the so-called ‘‘co- 
ordinate link,’’ an essentially covalent bond between two atoms with opposite formal 
charges. It was first pointed out by Pauling (1) that the distance between the atoms 
thus bonded, viz. N+ and O-, should not be affected appreciably by the electrical charges. 
Due to absence of other complicating factors, such as resonance among different valence 
bond structures, trimethylamine oxide is a suitable molecule to test this hypothesis. A 
first determination by electron diffraction (2) gave a N—O bond length of 1.36 A, 
exactly the sum of the then accepted values (1) for the single-bond covalent radii of 
the N and O atoms. However, this result now appears inconclusive because, (a) the 
radial distribution method cannot resolve the very close C—N and N—O peaks and, 
(b) in the various models used for the visual comparison method, the N—O bond length 
was varied only between 1.30 and 1.40 A since there is no obvious reason why this bond 
should be much longer than the sum of the covalent radii. In the meantime the latter 
parameters were found to require a sizable upward revision—to 0.74 A for both atoms 
(3). This prompted a reinvestigation of the electron diffraction pattern of trimethyl- 
amine oxide (4). Preliminary results (5) indicated a longer N—O bond (1.44 A) than 
the original one, and a C—N bond length (1.49 A) just a little over the sum of the 
(revised) covalent radii. These two values have been confirmed by a recent X-ray study 
of the crystalline hydrochloride (6), which gives 1.424 A for the N—O bond and 1.50 A 
for the average of the C—N bond lengths. 

The first spectroscopic investigations of trimethylamine oxide were done in Raman 
effect. Edsall (7) studied the hydrochloride in aqueous hydrochloric acid solution; from 
the marked resemblance with the spectrum of tertiary-butyl alcohol he concluded to 
the existence of a trimethylhydroxyl ammonium ion [(CH;);NOH]*. Later Goubeau 
and Fromme (8) measured the spectra of the oxide dissolved in methanol (Table I). 
Also by comparison with the spectra of tertiary-butyl alcohol they assigned the band 
at 947 cm to the N—O stretching frequency and estimated the corresponding force 
constant to lie between 4 and 5X10' dynes cm—. An exploratory infrared study of the 
crystalline solid carried out in this laboratory (9) revealed some 10 bands between 700 
and 3000 cm~; there also, a band at 943 cm™, one of the strongest, was assigned to 

1Manuscript received January 23, 1961. 
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TABLE | 
Raman spectra of trimethylamine oxide and its 
hydrochloride 
(CH3)sNO (8) (CH;)sNO.HCI (7) 
Frequencies Relative Frequencies Relative 
(incm™) intensities (incm™) intensities 
244 0 
304 1/2 382 3 
413 1 
439 1 
494 1 500 2 
705 1 
759 5 754 7 
947 4 947 7 
984 0 
1029 0 
1135 1 1132 2 
1281 1 1263 2 
1412 2 
1453 3 1449 7 
1593 0 
1658 1 (water) 
2104 1 
2186 1 
2426 0 
2597 2 
2674 1/2 
2811 3 
2886 3 
2960 3 2974 10 
3031 4 3043 10 





the N—O bond. While this work was in progress we came across two other communica- 
tions on the same subject (10, 11) both relating in fact to the hydrate, as we shall see 
below. 


EXPERIMENTAL 

The sample of trimethylamine oxide was prepared by oxidation of a 25% aqueous 
solution of trimethylamine with 5% hydrogen peroxide (12). Repeated crystallizations 
in methanol gave needle crystals of the dihydrate, from which the anhydrous oxide was 
obtained by gentle heating under reduced pressure (13). The powder, resublimed twice, 
was placed in an evacuable absorption cell fitted with rock salt windows. By means of 
an electric heating tape a thin film of the solid was deposited on the windows. After 
recording of the spectra, air was admitted in the absorption cell, whereupon the film 
became hydrated fairly quickly. However, if the film was too thick, complete hydration 
was very slow. Upon hydration the white, powdery film became transparent. For com- 
parison the spectra of dihydrate crystals were also obtained by the KBr pellet technique. 

The same method was used for the hydrochloride, prepared by addition of hydrochloric 
acid to an aqueous solution of trimethylamine oxide. The crystals, purified by recrystal- 
lization, melted at 217—-218° C with some decomposition. Two spectrometers were used: 
a Perkin-Elmer, Model 112, with NaCl and CsBr optics, and a Beckman, Model IR-4. 
Numerous attempts to secure the spectrum of the amine oxide in the vapor state were 
unsuccessful. A short (10cm) glass absorption cell and a long-path (1 m) metal cell 
were tried in succession. Because of the low volatility of the oxide the sample had to 
be heated to about 180°C to produce measurable absorption. However, at that tem- 
perature the vapor decomposed rapidly and reacted with the salt windows. 
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DISCUSSION 


In interpreting the spectra of trimethylamine oxide (Fig. 1) it is convenient to consider 
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Fic. 1. Infrared spectra of the hydrated (A) and anhydrous (B) trimethylamine oxide. 


the CH; groups as single atoms R of mass 15. The resulting XY;Z type of molecule is 
of C3, symmetry, with six fundamental frequencies all active in infrared and Raman. 
For further simplification frequencies above 1200 cm~! (Table II) may be ignored here 
as they arise either from combination tones or from vibrations in the CH; groups. The 
latter are already well known from analysis of the spectra of trimethylamine (14, 15) 
and similar molecules. Assignment of the various fundamentals of the RsNO molecule 
is best made by correlation with those of the isoelectronic tetramethyl ammonium ion 
R,N+ (15). As shown in Table III the two symmetrical vibrations »; and v2 of that ion 
have practically the same frequencies in the oxide, vz and vs. On the other hand the 
two triply degenerate vibrations v3; and v4 of RN, are split in the oxide molecule into 
one non-degenerate and one doubly degenerate vibration: viz. v3 at 955 cm™ splits into 
a doublet at 937 cm! and 945 cm~, and »4 at 455 cm™, into a pair at 490 and 472 cm. 

Present assignment of the infrared frequency at 937 cm— (missing from the spectra 
of trimethylamine) to the N—O stretching mode follows that of the strong Raman shift 
at 947 cm! (8). Apparently it was not feasible in the latter spectra to separate the two 
very close stretching frequencies v; and v4. Even in this work the doublet could be clearly 
resolved only in fairly thick samples and with the maximum resolving power available. 
Gallais and his co-workers (10) have reported a strong band at 1060 cm~' which they 
assigned to vy. No significant absorption could be detected at that frequency in repeated 
recordings of our spectra of both the oxide and the hydrate (Table II); none was found 
either in an independent investigation of the latter compound (11). Since no experi- 
mental details were given by the French authors on preparation and purity of their 
samples it is not possible to account for that result. At any rate it is quite certain from 
the near identity of their reported spectra for trimethylamine oxide and its hydrate 
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TABLE II 
Infrared spectra of trimethylamine oxide, its hydrate, and its 
hydrochloride 
(CH;);sNO (CH;)sNO.2H:0 (CH;);NO.HC1 
This work This work Gallais (10) This work 
378 vs 381 vs 
472 vs 475 vs 
490 vs 490 vs 
620 vs 620 w 
757 s 757 s 756 vw 758 vs 
765 sh 767 sh 773 vw 
795 vw 
852 m 
893 m 
937 vs 937 s 939 s 
945 s 950 vs 950 s 950 vs 
1020 s 
1060 w 
1135 w 1125 m 1120 m 1122 m 
1170 w 
1256 vs 1244 s 1244s 1255 s 
1265 w 
1320 vw 
1342 w 
1390 m 1395 m 1395 m 
1405 m 
1440 sh 1432 w 
1458 s 1456 vw 1466 s 1453 vw 
1488 s 1475 s 1468 m 
1530vs 
1620 w 
1668 w 1662 sh 
1690 s 
1868 w 1868 w 
2175 w 2192 w 
2285 w 2275 w 
2460 sh 
2615 vs 
2670 vs 
2790 s 
2940 m 2975 m 2930 m 
3012 3030 w 
3180 w 
3330 s 
4100 w 
TABLE III 


Fundamental frequencies of the R4N* ion and the RsNO molecule 











(CH;),Nt (CH;)sNO 
(a1) 752 cm7 a v2 (a;) 757 cm= || sym. C—N stretch. non-deg. 
(e) 372 cm oa ¥% (e) 378cm=! —s_L. asym. ENG bend. doubly deg. 
(fe 955 cm=! > v1 (a1) 937 cm || sym. N—O stretch. non-deg. 
— M4 (e) 945cm-!_ 1 asym. C—N stretch. doubly deg. 
(fe) 455 cm7! ra v3 (a1) 490 cm || sym. ONG bend. non-deg. 





472 cm 


—— 
1 asym. OCN bend. doubly deg. 
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that they were actually working with the same compound, namely the latter, in both 
cases. Indeed, the partial pressure of water vapor over the hydrate is less than 2.5 mm 
Hg at room temperature (16) so that unless special precautions are taken, as described 
above, atmospheric humidity almost always will be sufficient to hydrate completely the 
very hygroscopic amine oxide. 

An attempt was made to calculate from the above frequencies the two bond force 
constants fy_o and fce_y. Equations of a valence force systems for a tetrahedral XY;Z 
molecule (17) were used assuming force constants for bending modes to be one-tenth 
of those for stretching modes. Unique values could not be obtained, but only the following 
estimates. 








7 f (X1075 dyne cm=?) r (A) | 


N—O 3.8 to 4.8 1.44+0.03 
C—N 3.1 to 3.4 1.51+40.01 








The bond lengths are from application of Badger’s rule. These values agree exactly 
with the results of the more recent electron diffraction (5) and X-ray diffraction measure- 
ments (6). From comparison with other molecules such as NH2OH, HNOsz, etc. (5) it 
is obvious that the N—O ‘‘co-ordinate link’”’ in trimethylamine oxide has roughly the 
same length as a “‘normal’’ N—O single bond as predicted by Pauling. The relationship 
suggested by Schomaker and Stevenson (18) also yields a N—O bond length (1.435 A) 
very close to the present result; for the C—N bond, however, it gives a slightly shorter 
distance (1.465 A) than the experimental value, although the difference is still within 
the limits of uncertainty of the latter. On the contrary Pauling had predicted for that 
bond an appreciable shortening (about 0.03 or 0.04 A) from the normal single-bond 
length. 

The spectrum of the hydrate, or more correctly the dihydrate, is shown in Fig. 1A 
and the principal frequencies are listed in Table II. Essentially identical spectra were 
obtained with the two kinds of samples used, viz. thin hydrated films and KBr pellets. 
Since, in addition, they agreed closely with the results of an independent investigation 
over the NaCl range (11) there is little doubt about the identity of the compound 
studied. As may be gathered by comparison, the spectrum of the dihydrate bears strong 
resemblance to that of the anhydrous oxide; particularly the N—O stretching band 
which retains the same frequency, 937 cm~. (The reversed intensity ratio with the 
C—N band at 950 cm~! may be due to hydrogen bonding.) From this it is safe to infer 
the molecular nature of the dihydrate crystal. Indeed, the trimethylhydroxide ammonium 
ion [(CH;);NOH]* suggested before (7, 10) would normally have a somewhat different 
N—O stretching frequency from the above. Furthermore, one would expect for that 
ion an OH bending frequency and a low-lying OH wagging frequency not found in our 
spectra. The O—H stretching mode cannot, obviously, yield any conclusive evidence, 
being indistinguishable from that in H,O. Liittke found a slightly lower value (3236 cm") 
than that reported here, but the nearness of the C—H stretching frequencies makes these 
figures rather uncertain. 

On the other hand all the new features in the spectra of the dihydrate may be accounted 
for satisfactorily in terms of vibrations of the H2O molecules. Besides a strong O—H 
band at 3 uy, of which there is no trace in the anhydrous oxide, the broad, rather weak 
band centering around 1690 cm~' must belong to v2, the bending mode. This frequency 
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is appreciably higher than in pure water, 1650 cm~ (19), which may be due to loss of 
symmetry of that mode because of unequal hydrogen bonds. In all probability one of 
the H atoms of each water molecule is hydrogen bonded to the O atom of trimethyl- 
amine oxide; now it is conceivable that the negative formal charge on the latter atom 
enhances its attraction for the proton, hence a strengthening of hydrogen bonds. The 
same explanation holds for the three separate broad bands at 893, 852, and 620 cm— 
attributable to the three libration modes of H2O molecules. In pure water these appear 
to merge into a single broad band with center at about 710 cm™ in the liquid and 
at 800-850 cm in ice (19). Formation of especially strong hydrogen bonds between 
the two kinds of molecules may be linked with the great stability of the dihydrate as 
mentioned above. Finally, it is worth recalling here that the low electrical conductivity 
of aqueous solutions of trimethylamine oxide has long ago been interpreted as proof of 
non-ionization of the dihydrate (20). 

On the contrary, the infrared spectrum of the hydrochloride (Fig. 2) shows some 
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Fic. 2. Infrared spectrum of trimethylamine oxide hydrochloride, (CH;);NO.HCI. 


significant differences from those of the oxide and the dihydrate. True, the C—N and 
N—O stretching frequencies are unchanged (939 and 950 cm=") contrary to expectation 
for an ionic compound. (In hydroxylamine (21), for instance, the N—O frequency at 
926 cm is shifted to 1000 cm in the hydrochloride.) However, the appearance of new, 
strong bands, notably at 1530 cm and around 2600 cm-, is certainly due to OH vibra- 
tions of the [(CH;)s;NOH]* species. Very strong hydrogen bonds between that ion and 
the chloride anion must be responsible for the rather high OH bending frequency and, 
correspondingly, for the low OH stretching frequency. Rérat (6) has deduced an ionic 
structure for the hydrochloride on the basis of his X-ray data, particularly (a) the 
measured O—CI distance (2.94 A), which is definitely shorter than the sum of the van 
der Waals radii (3.2 A), and (6) the near tetrahedral (110.4°) NOCI angle. Yet it should 
be pointed out that these features are equally compatible with a molecular structure 
since (a) there is no reason a priori why the over-all distance in O—H ... Cl should be 
any different from that in O... H—Cl and (0) hydrogen bonds have a tendency to become 
oriented along the direction of lone-pair orbitals (22). Thus sp* hybridization of the 
oxygen orbitals could account as well for the observed NOCI angle. 
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COONS gybwNe 


On a étudié les spectres infrarouges de la triméthylaminoxyde, de son hydrate et son 
chlorhydrate afin de déterminer la nature de ces composés. La fréquence des vibrations 
N—O (937 cm-') et C—N (945 cm™) permet d’évaluer la longueur de ces liaisons 4 
1.44 A et 1.50A respectivement en bon accord avec les résultats d’études récentes par 
diffraction des rayons X et des électrons. Le spectre du dihydrate indique qu'il s’agit 
d’un composé moléculaire, tandis que le chlorhydrate est trés probablement ionique. 
Dans ces deux composés les charges nominales conduisent a4 des liaisons hydrogéne 
particuliérement fortes. 


. L. Pautinc. Nature of the chemical bond. Cornell University Press, Ithaca, N.Y. 1939. 
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THE KINETICS OF THE REACTION OF SILICA WITH 
GROUP I HYDROXIDES'! 


J. G. HooLey 


ABSTRACT 


A method is presented for preparing a reproducible silica glass or quartz surface that does 
not craze during rate of solution measurements in solutions of the five group I hydroxides. 
For silica glass, initial rates are a maximum at 8 M {or at least NaOH and KOH and are an 
inverse function of ion size for the five cations and tetramethyl ammonium ion. A proposed 
mechanism of water addition followed by reaction with hydroxyl ion is used to explain the 
maximum rate and the effect of solution products and the substitution of methanol for water 
as a solvent. For quartz an explanation is offered for the lower rate and for the absence of a 
maximum rate below 27 M NaOH. A common temperature coefficient of 20 kcal mole is 
reported for all reactions in water. The crazing of finely ground or polished silica glass surfaces 
is related to the presence of surface cracks and their enlargement by possible conversion of 
some silica to quartz in NaOH solution. 


INTRODUCTION 


The reactivity of commercial silicate glasses with a variety of aqueous solutions has 
been extensively studied (1) usually with the object of predicting the behavior of the 
glass under practical conditions. The reaction of colloidal silica with aqueous NaOH has 
also received considerable attention (2, 3). The behavior, however, of massive silica glass 
with alkali solutions has not been studied beyond measuring the rate in a few isolated 
cases. The object of the present work was therefore to investigate the rate of attack of 
one of the simplest glasses—fused silica—by alkali solution and thereby to elucidate the 
mechanism of the reaction. All the group I hydroxides were used as well as tetramethyl 
ammonium hydroxide and some runs were made with methanol as a cosolvent and 
others with quartz instead of silica glass. 


MATERIALS 


1. Silica and Quartz 

All the vitreous silica samples were of Vycor 7900, a Corning Glass Works product 
which is about 97% SiOz, 3% B2Os, 0.3% Al.Os, and <0.02% Na,O. Samples 4X4 cm 
were cut from 6 mm thick panels and ground against a rotating iron disk using a water 
suspension of aluminum oxide grit. The edges and corners were rounded and they and all 
the flat surfaces were ground until perfectly uniform to the eye before etching with 
HF as described under Methods. 

For crystalline silica, eight samples from 1.0 to 1.5 cm on an edge were cut from 
colorless crystals of natural quartz, ground as described above, and then polished with 
rouge in water on a rotating felt pad. 


2. Basic Solutions 
The hydroxides of Li, Na, and K were of the best commercial grade. Exposure to air 
was minimized to reduce CO, absorption and fresh solutions were used in all runs. 
The RbOH was made from a mixture of nitrate and chloride of very high purity from 
atomic weight work. It was converted to the sulphate and then to the hydroxide with 
Ba(OH):2.8H,0. The filtered solution was evaporated to 100 ml in a large silver tube in 
‘Manuscript received February 13, 1961. 
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a CO,-free atmosphere. All runs were made with this solution, lower concentrations 
being obtained by dilution. The normality was determined for each run by titrating a 
pipetted sample. 

The CsOH was prepared and used in a similar manner, the starting material being 
very pure CsCl,I. 

Tetramethyl ammonium hydroxide was prepared from the bromide with a suspension 
of freshly prepared silver oxide. The AgBr was filtered off and the clear solution was 
diluted to 1.40 M. 


METHODS 


The following experimental details were first studied in NaOH solution to arrive at a 
procedure that would give the initial rate of attack of a reproducible surface. 


1. Surface Treatment 

(a) Vitreous Silica 

The surface of Vycor 7900 whether polished with rouge or ground only with fine grit 
crazed in 2 N NaOH at 80° C. Pure fused silica (Vitreosil) behaved similarly. That is, 
the surface became increasingly covered with visible cracks about 1 mm long and a 
fraction of a millimeter deep. The surface remained smooth to the touch, however, until 
the cracks began to shed small chips of glass anywhere from a few hours to a few days 
after the action began. Weight losses per unit area varied widely even when based on 
surfaces that had not lost any chips and it is perhaps for this reason that so little work 
has been done on the reactivity of silica glass with alkali solutions. 

If a finely ground or polished surface was treated with a 50 volume% solution of 
concentrated H.SO, and 60% HF for 15 minutes before immersion in alkali there was 
no sign of crazing until several days had elapsed in 2 N NaOH at 80° C. A surface freshly 
formed by breaking behaved in the same fashion as did the acid-etched sample. In all 
the above cases, crazing occurred sooner if the NaOH solution was contained in a tube 
of Pyrex than if it was in one of iron or silver. If crazing is initiated in the invisible cracks 
in the surface of ground or polished glass its elimination by etching is explained because 
this process removes the scratched surface and exposes a virgin one that indeed resembles 
a freshly formed surface. Whatever the cause of crazing it can be eliminated for the 
15-hour runs employed in this work by etching the finely ground surface with HF. 
Prepolishing is unnecessary because the subsequent etching produces a translucent 
surface that resembles the nonpolished one and that exhibits the same weight loss in 
alkali solution. 


(b) Quartz 

A surface ground with fine grit also crazed in alkali but it was not possible even to try 
to prevent this by acid etching because the HF also caused crazing. It was found that 
unlike the surface of silica glass, however, a surface polished with wet rouge on felt 
showed crazing only after 200 hours in 2 N NaOH at 80° C. Polished quartz was therefore 
used in 72-hour runs and all samples were reground and polished before each run. The 
regrinding was necessary to remove the irregular surface pattern produced by NaOH 
solution. These patterns were observed to repeat themselves in subsequent runs. 

Finally, for both silica glass and quartz the sample was suspended by a loop of silver 
wire near the center of a silver tube 5 cm in diameter and 30 cm long. The tube contained 
300 ml of solution (less for some of the Rb and CsOH runs) and was immersed in a 
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constant temperature bath held to +0.1° C. A fitted, water-cooled condenser prevented 
loss of solvent. In handling the samples great care was taken to prevent any scratching 
against glass or metal. The samples of quartz were warmed and conted slowly in the 
reacting solutions to prevent cracking. 


2. Stirring 

Any effect of stirring on the rate of attack of Vycor by 1 M or 16 M NaOH at 80° C 
was found to be less than the experimental error of 3%. In one series of experiments the 
solution above the suspended sample was stirred at a speed that raised the level at the 
periphery of the tube about 7 cm. In another series the sample was a sealed Vycor tube 
1 cm in diameter and 12 cm long which was rotated in the solution at a similar speed. 


3. Time of Reaction 

The effect of time and therefore of the dissolved silica on the rate of solution of Vycor 
in NaOH solution at 80° C was studied by using the same solution for a series of 8-hour 
runs. Between these runs measured weights of silica were allowed to dissolve from a 
weighed Vycor sample left in the solution. The concentration of NaOH in the reaction 
tube was kept constant by washing the samples with water as they were removed from 
the solution and then adjusting the volume to its original value by evaporating off the 
excess water introduced in this way. All samples were etched before each run to prevent 
crazing. In Fig. 1 the average rate for each 8-hour run is plotted against the total weight 
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Fic. 1. Rate of solution of Vycor 7900 at 80° C vs. total silica in solution. 


of silica that had accumulated in the solution. The reaction products are seen to have an 
inhibitory effect in 1 M NaOH, less in 4 M, and none in 16 M. Because initial rates are 
sought in this work the reaction times were later chosen so that the error introduced by 
dissolved silica would be less than 3%. 
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RESULTS 


1. Vitreous Silica 

(a) Reproducibility 

In one duplicate series of eight concentrations from 0.1 to 10 M NaOH at 80° C for 
15 hours the weight losses per sq. cm of the Vycor samples showed a root mean square 
deviation of 3% from the averages. In other duplicate runs the precision was at least that 
value as long as no crazing had occurred. Area differences between samples were never 
found to affect reproducibility. 

(b) Vycor 7900 Compared with Vitreosil 

Clear Vitreosil from the Thermal Syndicate Co. in England is made by fusing quartz 
and is therefore more pure than Vycor. Four samples of each in 2 M NaOH at 80°C 
showed the same rate of attack within experimental error. Hence for these conditions, 
at least, the 3% B.O; in Vycor has no measureable effect on the rate. 


(c) Concentration of Group I Hydroxide 
The initial rate at 80° C is plotted against molarity in Fig. 2. For NaOH and KOH 
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Fic. 2. Rate of solution of Vycor 7900 at 80° C vs. concentration for various alkali hydroxides. 


there is a maximum rate at about 8 M. For the other three, data at high concentrations 
are not available because of a solubility limitation for LiOH and lack of material for 
Rb and CsOH. However, a maximum rate at 8 M would not be inconsistent with the data. 

One run was made with the eutectic of 2.6% LiOH, 23.6% NaOH, and 73.8% KOH, 
which, because of impurities (probably water pe prs aie) melted at 135° C instead 
of 70 to 80°C. Its molarity, assuming additive densities, was 41. In a 5-hour run at 
146° C the rate was 91X10- g cm hr~. If the temperature coefficient found in the 
next section is used to calculate the rate at 80° C, a value of 1 10- is obtained. 

In 1.40 M tetramethyl ammonium hydroxide at 91.5° C, duplicate samples each lost 
5.8 X 10-5 g cm~ hr, which is about the same as in 1.4 M KOH. 
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(d) Temperature Coefficient 
The effect of temperature on the rate with NaOH is shown in Fig. 3. The Arrhenius 
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Fic. 3. Rate of solution of Vycor 7900 vs. NaOH concentration for three temperatures. 


plots made from these curves at 2, 8, and 20 M are linear and give activation energies of 
22 kcal at each concentration. For the reactions with KOH (2, 9, 18 M), RbOH (1, 3 M), 
and CsOH (1, 3 M) at 70°, 80°, and 90° C the Arrhenius plots show the same linearity 
as for NaOH and give activation energies of 20, 18, and 22 kcal mole respectively. The 
variation in calculated energy is not regarded as significant and an average value of 
20+2 kcal mole for all four hydroxides at all concentrations is suggested. 

(e) Solvent 

To study the effect of the concentrations of water and of NaOH separately, a mixed 
solvent of alcohol and water was used. In one series, the molar concentration of NaOH 
was held constant at 6.0 M and the concentration of water was varied by substituting 
methanol. The rate at 63.4° C is plotted in Fig. 4 against water concentration and is 
seen to increase smoothly from zero for pure methanol to the value for pure water. A 
similar curve was obtained for ethanol although the water concentration could not be 
taken below 750 g liter—! at 78° C because of solubility limitations. 

In a second series, the water concentration was held constant at 800 g liter~' and the 

NaOH was varied, methanol being the third component. The rate at 63.4° C is plotted 
in Fig. 5 against NaOH concentration and is seen to go through a maximum at 8 M. 


2. Quartz 

(a) Concentration 

The rates at 91.5° C plotted in Fig. 6 against concentration are each the average for 
four different quartz cubes, the standard deviation being equal to the length of the 
vertical line drawn through the point. The same four cubes were used for each of the 
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Methanol = 0 


6M NaOH in water + methanol at 63.4°C 





i 


\2° 





mole liter 





Methanol = O 


H50 in NaOH + Methanol 


1 L i 
4 12 16 
NaOH mole liter! 





Fic. 4. Rate of solution of Vycor 7900 vs. water concentration for 6 M NaOH in water + methanol. 
Fic. 5. Rate of solution of Vycor vs. NaOH concentration for 44.5 M@ H.O in methanol. 


three lowest concentrations and the other four for the remaining concentrations. The 
precision is less than for fused silica because of the much lower rate of reaction. There is, 
however, no evidence for a maximum rate below 27 1. 


(b) Temperature 
The rates for duplicate runs at two concentrations and three temperatures are listed 
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Fic. 6. Rate of solution of quartz vs. NaOH-concentration. 


in Table | along with the activation energies from an Arrhenius plot. Because of the low 


TABLE I 


Rate in mg cm~ hr X 10° for quartz in aqueous NaOH 








Sample 1 ‘ 3 4 
Concn., M 2.73 2.74 10.3 10.: 
70.4° C 0.20 = 0.53 0.63 
79.6° C 0.56 .6 0.91 0.97 
89.2° C 1.18 ae 2.23 2.94 
E, kcal mole 25 2% 19 18 





rates, the data is only of sufficient accuracy to say that the activation energy is 21+4 
kcal mole. 
(c) Solvent 
There was no measurable weight loss after 140 hours in 1.4 17 NaOH in ethanol at 
78°C. 
DISCUSSION 
Any reaction mechanism with silica glass must explain the following. 
1. A maximum in the plot of rate against concentration. 
2. The variation of rate with cation. 
3. The inhibitory effect of dissolved silica at low NaOH concentrations but not 
at high ones. 
4. The small or zero variation in temperature coefficient with concentration. 
5. The experiments with NaOH in methanol—water mixtures. 
Also of interest in the case of quartz are its low reactivity and the absence of a maximum 
rate below 27 M NaOH. 
For both silica glass and quartz two consecutive reactions are proposed. First an 
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adsorption of water followed by reaction with hydroxyl ion to produce soluble products. 
The two can be represented in several simplified ways, one of which is: 
SiO.(s) + 2H.O(1) — SiO:.2H:O0(s), {1] 
SiO..2H2O(s) + 2O0H~ — [Si(OH).]-? in solution. [2] 


In more detail, the surface of the silica being exposed for reaction consists largely of 
oxygen ions because the small, more highly charged silicon ions are well shielded by the 
highly polarizable oxygen ions. This concept of the surface of an ionic crystal has been 
discussed by Weyl (4) and has been recently reviewed by Benson and co-workers (5). 
It is realized that the silica structure has considerable covalent character and that the 
actual charges on the “‘ions’’ are less than +4 and —2. The important point is that the 
silicon atom or ion is sufficiently buried below the surface so that hydroxyl ion alone will 
not react with it. This is supported by the zero rate in methanolic NaOH in which only 
OH-, Nat, and solvent are present. Now the addition of water causes reaction [1] to 
occur. This equation represents water adsorption on the silica surface by hydrogen 
bonding to the oxygen “‘ions” of that surface. This transfer of negative charge toward the 
water molecules decreases the screening so that the silicon ‘‘ions’’ can now combine with 
any hydroxy] ions present to form a soluble co-ordination complex. The formula suggested 
in equation [2] is only for illustrative purposes. If water and no hydroxy! ion is present 
as in NaCl solution the theory correctly predicts no attack. It also predicts for aqueous 
solutions of alkali hydroxides the observed maximum rate. Thus at low molarity and 
therefore high water concentration reaction [2] will be the rate-determining step and so 
the rate will increase with molarity as observed. However, at high molarity and therefore 
low water concentration reaction [1] becomes the rate step and hence the rate decreases as 
molarity increases as observed. A maximum rate at some intermediate concentration is 
the result. The rate should go to zero for the nonaqueous eutectic mixture of three 
hydroxides. That it did not quite do this is believed to be caused by a small amount of 
water in the system. 

The theory predicts, of course, a maximum rate not only for silica glass but also for 
quartz which was not observed below 27 M. However, the rate did go to zero for meth- 
anolic NaOH in which there is hydroxyl ion but no water. It is therefore believed that 
for aqueous solutions a maximum rate would be reached above 27 M. That it is at a 
higher concentration than in the case of silica glass means that for quartz, reaction [2] 
has been slowed more than [1] and therefore remains the rate step to higher molarities. 
This is reasonable because the surfaces of the two forms of silica are predominately 
oxygen “‘ions’”’ and so should react about equally with water as in reaction [1]. Reaction 
[2], however, involves the penetration of the surface and reaction with silicon ions. These 
ions have a higher potential energy in the glass and therefore react more rapidly than 
when in the crystalline quartz. 

The variation of rate with cation size is difficult to explain. It may simply be that the 
larger the cation, the greater the interference with the above reactions by adsorption 
and the lower the rate as was observed. The apparent discrepancy with LiOH disappears 
when account is taken of its low dissociation—about 50% in 3 M solution (6, 7). Even 
tetramethyl ammonium ion fits in if the effective area is taken as that of the base of 
the tetrahedron. 

The effect of dissolved silica on the rate is correctly predicted. Thus the inhibitory 
effect should be greatest at low molarity where [2] is the rate step and should disappear 
for concentrated solutions where [1] is the rate step. 

The temperature coefficient would be expected to depend on whether reaction [1] or 
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|2] is the rate step and on whether silica glass or quartz is involved. The data, however, 
were not sufficiently precise to detect differences caused by these factors. Some recent 
work on finely divided silica (3) reports an activation energy of 18 kcal mole for the 
solution of this material in dilute alkali and 17.8 for solution in water. The agreement of 
these with the 20+2 for this work is rather good. The comparison, however, should be 
confined to reaction [2] for complete solution because reaction [1] is only a surface reaction 
and not a solution process. 

In discussing the results with methanol as a solvent it is important to have an estimate 
of the concentration of hydroxy! ion in a solution of NaOH in pure methanol. Conduc- 
tivity and transference-number data are available for a dilute solution of KOH in methanol 
plus 0-100 mole% water at 25° C (8, 9). In this range of solvents the conductivity in- 
creases from 90 to 260 ohm™ cm? and the transference number of hydroxyl ion changes 
from 0.5 to 0.7. Hence for a given molarity of KOH the hydroxyl ion is conducting about 
25% as much in pure methanol as in pure water. Thus in Fig. 4 the 6 1 NaOH solution 
in pure methanol should contain of the order of 1 M hydroxyl ion. Because there is no 
water, however, theory predicts the observed zero rate of reaction. When water is added, 
the rate increases with water concentration because reaction [1] is the rate step. At a 
sufficiently high water concentration one would expect reaction [2] to become the rate 
step and, because the concentration of NaOH is constant, the rate to become constant. 
However, the dissociation of NaOH is increasing with water concentration so that the 
rate continues to increase in this region as well. For the other experiment in Fig. 5 at 
constant 44 M water concentration, theory predicts the initial zero rate at zero hydroxyl 
ion concentration and the subsequent increase. However, the rate should become constant 
as reaction [1] becomes the rate step. Instead, it goes through a maximum which may be 
explained by the removal of available water from the system to hydrate the increasing 
concentration of sodium ions. 

Finally, the phenomenon of crazing should be discussed. This occurs on a silica glass 
surface, whether finely ground or polished, but not when etched with HF or when freshly 
formed as in breaking. Because the first two surfaces are known to contain invisible 
cracks and the latter two none, it is believed that crazing starts at or in such cracks. Their 
enlargement to visible dimensions must now be explained. A simple solution process 
would do this but if that is the mechanism, then one would also expect crazing in surfaces 
of Pyrex or soft glasses in general. But these surfaces never craze in alkali even though 
they are known to contain invisible cracks. Another mechanism that would enlarge 
cracks is the conversion of the glass to the crystalline form. The resultant volume decrease 
would explain the enlargement to visible dimensions and the eventual chipping out of a 
piece of glass from the crack. Such conversion has never been reported in solution for 
Pyrex or soft glass but is known to take place readily for silica glass at 400° C and 340 atm 
in solutions of sodium silicate (10) or NaOH (11). It is suggested that even at 80°C 
this conversion to a quartz occurs to some extent. The fact that crazing is more rapid when 
sodium silicate is present in the NaOH solution supports this theory. We are now left 
with the case of quartz for which a finely ground surface crazes in alkali and in HF 
solution and for which a polished surface does not craze in alkali until after at least 
200 hours at 80° C. No theory for this is offered. 


CONCLUSION 


The rate of reaction of silica glass or quartz with solutions of group I hydroxides is 
chemically controlled by one or the other of two consecutive reactions depending on the 
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molarity of the base. In being chemically rather than diffusion controlled, it resembles 
the reaction with hydrofluoric acid (12). A theory is offered to explain the crazing of 
silica glass but not of quartz. 
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PRIMARY METHOXY RADICAL FORMATION IN THE REACTION OF 
METHANOL VAPOR WITH Hg 6(°P:) ATOMS! 


ARTHUR R. KNIGHT AND Harry E. GUNNING 


ABSTRACT 


A study has been made of the decomposition of methanol vapor by Hg 6(*P1) atoms, under 
static conditions, at 25° C. A system constructed entirely of quartz was employed to eliminate 
the dark reaction between methanol vapor and pyrex glass to form trimethyl borate. Emphasis 
in this investigation was placed on the determination of the nature of the primary processes 
i and to this end, the reaction was studied in some detail in the presence of nitric 
oxide 

For pure methanol, the major primary products were found to be hydrogen and ethylene 
glycol. The primary quantum yield for hydrogen was 0.46. Minor products of primary origin 
were formaldehyde (0.01), ethane (0.005), and dimethy] ether (0.006), with the numbers in 
parentheses showing the primary quantum yields. 

In the presence of nitric oxide, the major products became methyl nitrite, nitrous oxide, 
and water. The quantum yield of methyl nitrite rose steadily with increasing NO concentra- 
tions. For a 1:1 CH;OH:NO mixture, the primary quantum yield for methyl nitrite was found 
to be 0.56. The behavior of the reaction in the presence of NO establishes fairly unequivocally 
that the major primary process involves O—H bond scission to form methoxy radicals and 
H atoms. These primary radicals then form hydroxymethy] radicals by abstraction reactions 
with the substrate. The ethylene glycol product arises by recombination of the secondary 
hydroxymethyl radicals. These conclusions were further substantiated by mass spectrometric 
analysis of the products of the decomposition of CD;OH. It was shown that CD;OD is a 

* significant product of the reaction. 


INTRODUCTION 


The reaction of methanol vapor with Hg 6(°P;) atoms has been studied previously 
(1, 2), and in detail by Phibbs and Darwent (3) from 25-500°. From the fact that He 
(® = 0.43) and HOCH,CH:OH were the major products at 25°, they concluded (3) 
quite reasonably that the major primary process was: 


CH;OH + Hg 6(*P,;) ~ CH-OH + H + Hg 6('S»). [1] 

The observed products could also be explained by the two-step sequence: 
CH;OH + Hg 6(3P,) oy CH;0O + H + Hg 60S Yo) {2] 
CH;0 + CH;OH — CH;OH + CH.OH. [3] 


For both [1] and [2] the H atoms formed are assumed to attack the methyl group of 
the substrate: 


H + CH;OH — H; + CH,OH. (4) 


Phibbs and Darwent rejected [2] as an important primary process since they found 
that CH;OD substrate produced little HD. However, the results of a number of more 
recent studies have indicated that the methanol reaction should be re-examined. Thus 
Takezaki and Takeuchi (4) showed that methanol is readily decomposed by CH,O 
radicals from the pyrolysis of dimethyl peroxide. From detailed studies on the photol- 
yses of CH;COOCH; and CH:COOCDs;, Wijnen (5) has concluded that CH,0 radicals 
are very efficient in abstraction reactions. For reaction [3] specifically, Gray and Williams 
(6) estimate an exothermicity of 7-8 kcal/mole. 


‘Manuscript received January 20, 1961. : 
Contribution from the Department of Chemistry, University of Alberta, Edmonton, Alberta. 
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In the photolysis of methanol vapor below 2000 A, Porter and Noyes (7) found evi- 
dence that O—H bond scission is an important primary process. Their ethylene glycol 
product was attributed to combination of CH.OH radicals from [3]. In this laboratory 
interest arose in the reaction of methanol with Hg 6(°P:) atoms, from an investigation 
of the decomposition of water vapor by ®*Hg 6(°P;) atoms, photoexcited in natural 
mercury vapor. Here Pertel and Gunning (8) found that the HgO product of the reaction 
was enriched in 2"Hg, indicating the formation ot an Hg—O bond in the primary quench- 
ing reaction. Since the oxygen atom was a quenching site in the HOH reaction, it appeared 
likely that a similar process would be operative in the CH;OH reaction. 

In the present study, emphasis has been placed on the nature and relative importance 
of the primary reactions. In order to distinguish between reactions [1] and [2], it was 
decided to use nitric oxide as scavenger. It was presumed the CH;0 radicals would 
react readily with NO to form methyl nitrite, thereby suppressing reaction [3]. Since 
the alkyl nitrites are relatively stable compounds, the technique could be of general 
value in alkoxy radical reactions. 

While the results of the present study were being prepared for publication, a paper 
appeared by Pottie, Harrison, and Lossing (9), wherein important data were reported 
on the reaction of Hg 6(°P;) atoms with methanol vapor, at a substrate partial pressure 
of 5 uw in helium carrier at 55°. The primary fragments from the reaction were identified 
by mass spectrometry via their combination products with CD, radicals from the in 
situ decomposition of Hg(CDs)2. With CD;0OH as substrate, CD;0CD; was found to 
be the major combination product. It was estimated that CD.OH could not account 
for more than 3% of the primary decomposition. Since CH3, CH4, CoH¢, and CH;O0CH3; 
were found as products from the reaction with CH;OH alone, together with an amount 
of water roughly equivalent to the CH; yield, it was concluded that in addition to [2], 
a second primary process, 


CH;OH + Hg 6(3P,) > CH; + OH + Hg 6('S,), [5] 


was occurring to an extent of ca. 18%. The results of Pottie et a/. (9) will be compared 
with those of the present study later in this paper. 


EXPERIMENTAL 

Exploratory runs were first made in a conventional high-vacuum system of pyrex 
glass, using cylindrical quartz reaction cells. The reaction was studied under static 
conditions at 25°. Analyses were made by gas-liquid partition chromatography (G.L.P.C.) 
and mass spectrometry. Product yields were found to vary erratically under apparently 
constant experimental conditions. Mass spectrometry revealed the presence of trimethyl 
borate in the methanol, although this product was not detectable by G.L.P.C. It was 
confirmed, in agreement with Porter (10), that the trimethyl borate was formed by the 
reaction of methanol vapor with the pyrex glass of the storage bulb. At a gas pressure 
of 100 mm 9.7 mole% of this product was found after 24 hours of storage. 

All results reported here were obtained from a system constructed entirely of quartz. 
A Hanovia, model 87A45, resonance tube was positioned 5cm from the cylindrical 
quartz cell, which was 5 cm in length and of the same diameter. A Vycor 7910 filter was 
placed between lamp and cell to remove the 1849 A line. The absorbed light intensity, 
with propane as actinometer (11), was found to be 1.92 X10~ einstein/min. 
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Methanol (Mallinckrodt, reagent grade) was purified by trap-to-trap distillation and 
stored in a quartz bulb. Neither G.L.P.C. analysis nor mass spectrometry revealed any 
impurities, including water. The nitric oxide (Matheson) was purified by repeated 
circulation over KOH, and stored over mercury in a bulb. Methyl nitrite was prepared 
after Gray and Style (12) and similarly stored. 

G.L.P.C. analyses for hydrogen were performed on silica gel columns with No carrier; 
for the condensable products, the column packings were ‘‘Ucon"’ on Celite and Apiezon 
“L” on firebrick, with H: carrier. Identification of products was made by retention 
times on two columns, and confirmed by mass spectrometry. The heavy product of the 
reaction with pure substrate was confirmed (3) to be ethylene glycol by comparing the 
infrared spectrum of its chloroform solution with that of an authentic sample. The 
spectra were essentially identical. 


RESULTS 


In the first series of runs, a substrate pressure of 50 mm and an exposure duration (t) 
of 105 minutes were used. The products were hydrogen, ethylene glycol, carbon monoxide, 
methane, ethane, dimethyl ether, formaldehyde, methyl formate, water, and a trace of 
ethanol. The mean quantum yield (#) for hydrogen was 0.24. 

In the presence of NO, the only significant products were methyl nitrite, water, 
nitrous oxide, and formaldehyde. In Fig. 1, ®(H2), ( MeONO), and (HOH) are shown 
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Fic. 1. Mean quantum yields for methyl nitrite @, hydrogen §, and water A as a function of nitric 
oxide pressure, for a methanol pressure of 50 mm and an exposure time of 105 minutes. 


as a function of P(NO) for P(MeOH) = 50 mm and ¢ = 105 minutes. With increasing 
NO pressure, ®(H:») is seen to fall off rapidly, while (HOH) rises linearly. 6( MeONO) 
achieves a maximum value of 0.15 at P(NO) = 8mm. By dissolving the cell deposit 
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in CHCI;, and measuring the integrated absorbed intensity for the OH band in the 
infrared, it was shown that the ethylene glycol yield decreased with increasing P(NO). 
The minor products, formaldehyde and methyl formate, are shown in Fig. 2. It is 
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Fic. 2. Mean quantum yield of formaldehyde, curve A, and methyl formate, curve B, as a function 
of the nitric oxide pressure for a methanol pressure of 50 mm, and an exposure time of 105 minutes. 


apparent with increasing P(NO) that ®(HCHO) rises rapidly, while #(HCOOMe) 
becomes negligible. 

To assess the importance of secondary reactions, the effect of exposure duration on 
the inhibited reaction was studied. For this series P(MeOH) = 50 mm and P(NO) = 
5.5 mm. The exposure time was varied from 2 to 105 minutes. The results for 6 MeONO) 
and ®(H,.) are shown in Fig. 3, and (HCHO) in Fig. 4. The rapid secondary decompo- 
sition of methyl nitrite is apparent, with a concomitant rise in (HCHO). From Fig. 4, 
it can be further seen that formaldehyde is not a primary product of the inhibited 
reaction. The micromoles of water formed were found to be a linear function of ¢. At ° 
t = 0, &(MeONO) = 0.15 and #°(H2) = 0.012. The rise in @(H2) with increasing ¢ was 
shown to be associated with a depletion of NO in the reaction zone. Thus two runs 
were made at the same substrate pressure, with P(NO) = 7.0mm. #(H2) was found 
to have values of 0.013 and 0.014 for t-values of 13 and 105 minutes, respectively. 

The possibility of dark reaction between NO and substrate was checked by a duplicate 
run with P(MeOH) = 50 mm and P(NO) = 5.5 mm. The mixture was carried through 
all stages of the procedure except irradiation. In a second experiment, 2 mm of methyl 
nitrite—equivalent to the maximum amount formed in any of the exposures—was 
admixed with 50 mm Ng, and. irradiated for 105 minutes. No products were detected in 
any of the above runs. 

The effect of adding large quantities of NO is shown in Fig. 5. For these runs P(MeOH) 
= 50mm and ¢ = 5.0 minutes. For the equimolar MeOH:NO mixture, 6(MeONO) 
= 0.56. The results are, of course, corrected in all cases for competitive quenching 
by NO. 

The results of a series of runs on the uninhibited reaction at P(MeOH) = 50.0 mm 
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Fic. 3. Mean quantum yield of methyl nitrite @ and hydrogen W as a function of exposure time for 
a mixture of 50 mm of methanol and 5.5 mm of nitric oxide. Mean quantum yield of hydrogen O as a 
function of exposure time for pure methanol at a pressure of 50 mm. 

Fic. 4. Mean quantum yield of formaldehyde - as a function of exposure time for a mixture of 50 mm 
of methanol and 5.5 mm of nitric oxide. Mean quantum yield of formaldehyde A, ethane @, and dimethyl 
ether © as a function of exposure time for pure methanol at a pressure of 50 mm, 


are shown in Figs. 3 and 4. From Fig. 3, it is seen that °(H2) = 0.46. In Fig. 4, the 
trends in ® for the minor products are shown. We obtain #°(HCHO) = 0.01; 6°(C2H¢) 
= 0.005, and #°(CH;O0CH;) = 0.006. For water, (HOH) = 0.095 at ¢ = 105 minutes. 
The values decreased rapidly to 0.035 at ¢ = 25 minutes. Water is apparently not a 
primary product of the reaction. Similarly 6(HCOOMe) fell from 0.0013 at ¢ = 105 
minutes to 0.0003 at ¢ = 25 minutes. Again this product is not of primary origin. 

Finally one qualitative run was done with CD;OH (Merck, 99%). Mass spectrometric 
analysis of the residual substrate after 105 minutes of exposure showed the presence 
of appreciable amounts of CD;OD. 
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Fic. 5. Mean quantum yield of methyl nitrite, as a function of nitric oxide pressure for a methanol 
pressure of 50 mm, and an exposure time of 5.0 minutes. 


DISCUSSION 

The appearance of methyl nitrite as the major reaction product. in the NO-inhibited 
reaction is strong evidence for the formation of CH;0O radicals in the primary reaction 
via step [2]. The presence of CD;O0D among the products of the CD;OH run would 
suggest that both [2] and [3] are occurring. Our findings are therefore in qualitative 
agreement with the mass spectrometric results of Pottie, Harrison, and Lossing (9). 
While no evidence could be found for primary CH:OH formation (3) via [1], the reaction 
could be occurring to a minor extent. 

From the ’s for C2Hs and CH;OCH3;, we estimate that ®°(CH:) would have a 
maximum value of ca. 0.02, while @(H) will be at least 0.46, the value for °(H.). Fur- 
thermore it is likely that ®°(H) is actually near unity, since H atoms can be consumed 
by combination with themselves and with the CH;0 and CH.OH radicals present in 
the reaction zone, without concomitant Hz formation. Thus we conclude that reaction 
[5] cannot be more than five per cent of the primary reaction, and that it is more likely 
to be roughly two per cent of it. These conclusions would support the suggestion made 
by Pottie et a/. (9) that CH; formation arises from atomic cracking: 


CH;0 + H — CH;OH* — CH; + OH. \6] 
Certainly [6] would be much more probable at the very low pressures (ca. 5 4) used 
by Pottie et al. (9) than under the conditions of this study. 

In the presence of nitric oxide, the significant products are methyl nitrite, nitrous 
oxide, water, and formaldehyde. With [2] as the primary process, the following secondary 
reactions are postulated to explain our findings. 

CH;0 + NO — CH;ONO (7] 

H + NO HNO (8) 

CH;0 + HNO — CH;OH + NO [9] 
HNO + HNO —N.O + H.0O {10] 
CH;0 + CH;ONO — CH;OH + CH:,0 + NO {11] 


Reactions [8] and [10] have been used by a number of investigators (12, 13, 14) to 
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explain the appearance of NO and H.O in systems containing H atoms and NO. The 
analogous reaction to [9], for ethoxy radicals has been postulated by Levy (13) for the 
thermal decomposition of ethyl nitrite. The reaction should be highly exothermic. 
Reaction [11] forms a step in the Steacie-Sklar (13) mechanism for the decomposition 
of the alkyl nitrites. From Figs. 3 and 4, it is apparent that CH;ONO is being con- 
sumed with increasing exposure, and that HCHO is being formed. Reaction [11] would 
explain this behavior. The fact that the quantum yield of CH;ONO is only 0.56 with 
an equimolar mixture of CH;OH and NO, whereas one would expect a value near unity, 
would point up the importance of [9] and to a much lesser extent [11]. It should be 
emphasized here that in mercury photosensitization the reaction zone is confined to a 
small volume near the incident window, owing to the high absorption coefficient of 
mercury for its own resonance radiation. Radical concentrations will therefore be high 
in this zone, and secondary reaction will be very difficult to eliminate. Finally, in the 
inhibited reaction, it will be noted from Fig. 3 that ®°(H_2) retains a small but finite 
value of ca. 0.01. Since this value is not appreciably reduced by increasing P(NO), it is 
likely that hydrogen is forming by a step postulated by Levy (13): 


NOH + NOH — 2NO + Hz. {12] 


For pure substrate, at a partial pressure of 5 uw, in 8 mm He carrier, Pottie, Harrison, 
and Lossing (9) at 55° find HCHO to be an important product whereas at 50 mm 
pressure, we find this product to be of minor significance with #°(HCHO) = 0.01 (cf. 
Fig. 4). This is what would be expected if HCHO is formed by the disproportionation 
of CH;0 radicals: 


At high substrate pressures the CH;0 radicals would disappear largely by [3]. Hence it 
appears unlikely that CH2OH radicals are involved in HCHO formation. With increasing 
duration of exposure, it is apparent from Figs. 3 and 4 that extensive secondary decom- 
position is occurring in the methanol reaction. It would seem unprofitable to discuss 
these reactions in detail here. 

Since the bulk of the reaction in mercury photosensitization is confined to a zone 
near the incident window, as pointed out above, special techniques must be employed 
to study the rates of the primary reactions, without complication by secondary processes. 
In this laboratory chopped-beam techniques are being investigated to this end. During 
the dark period, products and radicals can diffuse away from the reaction zone, thereby 
decreasing the extent of secondary reaction. By such studies it is hoped to obtain informa- 
tion on the primary efficiency of the methanol reaction, and on other mercury-photo- 
sensitized reactions involving primary bond scission. 


CONCLUSIONS 


As a principal result of this investigation, it has been shown that the CH2OH radicals 
responsible for ethylene glycol formation in the reaction of methanol with Hg 6(*P;) 
atoms arise by a secondary reaction of primary CH;O radicals with the substrate. In 
this respect our findings are in agreement with the mass spectrometric results obtained 
by Pottie et al. (9). Our study also suggests that nitric oxide should be of value in 
trapping alkoxy radicals through the formation of the nitrite. 

Similar studies on ethanol and isopropanol are in progress in this laboratory and will 
be published shortly. 
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RECOMBINATION OF ATOMS AT THE SURFACE OF 
THERMOCOUPLE PROBES! 


Kin Tsu anp M. BoupDArRT 


ABSTRACT 


When atoms produced by a discharge at one end of a closed cylindrical tube diffuse down 
the tube, their rate of recombination on the walls of the tube can be determined by measuring 
the temperature of a probe traveling along the axis of the tube. However, the catalytic activity 
of the probe may, under specified conditions, appear to be the same whatever the catalytic 
activity of the probe material. This effect is offered as a possible explanation of the findings 
of Wood and Wise, who recently reported essentially the same recombination probability for 
hydrogen atoms on 12 different metals. 


INTRODUCTION 


The rate of recombination of atoms on solid surfaces is a problem of considerable 
theoretical and practical interest. Recently, Wood and Wise (1), investigating the 
catalytic effect of various surfaces, have reported almost identical rates of recombination 
of hydrogen atoms on 12 different metals.* 

This result is a very novel and interesting one. If confirmed by further work, it will 
require an explanation. While such an explanation may perhaps be found ultimately in 
the mechanism of recombination, it seems worth while to explore the possibility that 
this lack of catalytic specificity could actually be a result of the experimental technique 
used in the determination of rates of recombination. 

It is shown below how this can happen. To this end, the method of Wood and Wise 
is reanalyzed first, for the sake of clarity, in an approximate way, then in more detailed 
fashion. The new solution presented is of general interest and its consequences are of 
special importance in investigations of recombination of atomic species. 


DISK-SHAPED CATALYTIC PROBES: ONE-DIMENSIONAL APPROXIMATION 


Consider a cylindrical reactor of radius Ro. It is closed at one end, filled with hydrogen 
at low pressure, and surrounded at the other end by a coil through which is sent a high- 
frequency a-c. current, so that an electrodeless discharge in the tube generates hydrogen 
atoms. These diffuse down the tube (dimensionless co-ordinate x equal to length divided 
by tube radius Ro). The walls of the tube are sufficiently inactive for recombination. 
Then there is no appreciable radial gradient in the concentration C of hydrogen atoms 
in the tube. Yet there is an axial gradient because atoms recombine on the wails of the 
tube. Transport of atoms is purely diffusive, if Stefan flow can be neglected, as is legiti- 
mate in suitable experimental situations where the concentration of atoms is not too high. 
The diffusivity of the atoms is D, and the probability of the first-order recombination 
on the walls is 2y. The reason for the factor two is explained elsewhere (2). 

Then, the equation of the problem is: 

dC 


Dz 


= Rovy C 


‘Manuscript received January 23, 1961. 

Contribution from the American Cyanamid Co., Stamford, Connecticut, and the Department of Chemical 
Engineering, Princeton, New Jersey. This paper was presented at the Symposium on Atomic Reactions, Mont- 
real, Que., September 1960. This work was supported in part by the Office of Scientific Research, United States 
Air Force, under contract number A F-49-638-32. Reproduction, translation, publication, use, and disposal in 
whole or in part by or for the United States government is permitted. 

*Aluminum was an exception. However, Dr. Wise kindly informs us that further work in his laboratory has 
not confirmed this anomalous behavior and that aluminum behaves very much like the other 12 metals tested. 
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where v is the mean molecular speed of hydrogen atoms as given by gas-kinetic theory. 
The first boundary condition, on the side of the discharge will be assumed to be, as 
usual: 


C=C at x = 0. 


The second boundary condition is provided by a disk-shaped catalytic probe, filling 
the cross section of the tube, at a distance x = L from the discharge. If the rate of recom- 
bination on the surface of the probe is first-order and characterized by a probability 
y’, the second boundary condition is: 

dC 


a rr 
“i = Roiy C at c= L. 


With these boundary conditions, the equation of the problem admits the solution: 


— _ —z) 
¢ us F et O_« m(L—z 





Co F en” at on 


with the following values for F and m: 


[aay ra Tiss Saat 
ae eer ~ h—m otf 


This solution gives immediately the concentration C, of atoms at the surface of the 
probe, i.e. at x = L: 


_ FF mL —mL 
nt [(h+m) e (h—m) e”™”}. 

Now, because of the heat of recombination, the temperature of the probe will be 
higher than the ambient temperature by the amount A7, which must be proportional 
to the rate of heat release at the probe, i.e. to the concentration of atoms at the probe 
surface and to the probability of recombination at the probe. Thus: 


AT=7 KC 


where K is a proportionality constant. 

If the probe is at the origin, C = Cy and AT) = K Cy’, while at a distance L from the 
origin C = C, and AT, = K C, y’. Therefore from measurements of AT) and AT, at 
various distances L, 


7 = a = 5 (htm) &™— (h—m) eI, 
it appears possible to determine both h and m and thus also both y and 7’, the proba- 
bilities of recombination on the walls of the tube and on the surface of the probe. This 
is how Wood and Wise (1) have determined the activity of different metal probes. In 
fact, they have made use of a three-dimensional solution, with probe geometry identical 
with that used here. If the activity of the wall is small, the difference between the solution 
shown here and the complete solution (1) is negligible. 

The validity of this solution will now be questioned. Is it correct to assume that the 
concentration of atoms C in the discharge at the origin remains a constant Cp irrespective 
of the position of the probe? Is it not expected that an active probe in the vicinity of the 
origin, that is near the discharge, will deplete the atomic concentration in the discharge? 
In other words, is the first boundary condition, C = Cy) at x = 0, a valid one? 





TSU AND BOUDART: RECOMBINATION OF ATOMS 1241 


In order to examine this question, a more refined analysis of the situation near the 
origin is necessary. Two distinct regions are now considered: the discharge zone for 
x <0 and the measurement zone for x > 0. In the discharge, the number of atoms 
generated uniformly per unit volume per unit time will be represented by Q’. With 
Q = R-? Q’/D, the equations of the problem become: ‘ 

dC, 


Ge tO-m'Ci = 0, —-o <x<0 


0<2<Z4 


~ m(m +h)’ 


Co pon AT» Sa ent 
CL AT, ; 


Consequently, it is seen that an experimental curve of A7)/AT, versus distance L depends 
only on m, i.e., on the rate of recombination at the wall. But it will not depend on 4h, i.e., 
on the catalytic activity of the probe. Such profiles of temperature versus distance are 
therefore unsuitable for measurements of the activity of the probe. An analysis of the 
data, based on the previous boundary condition C = C) at x = 0, ignoring the effect of 
the probe on the concentration of atoms at the origin, would reveal an apparently identical 
catalytic activity of all probe materials. 


SPHERICAL CATALYTIC PROBES: THREE-DIMENSIONAL SOLUTION 


The analysis of the problem with a disk-shaped probe is only an approximation because, 
in practice, the catalytic probe is positioned along the axis of the tube and occupies only 
a small fraction of the cross-sectional area of the tube. 

A more realistic analysis will now be attempted in order to corroborate the conclusion 
just arrived at on the basis of an approximate analysis. 

The three-dimensional solution is obtained by first considering the following problem. 
Atoms are continuously liberated from a point source of unit strength located on the 
central axis of an infinite cylinder. An atomic sink of variable strength 8 is also placed 
on the central axis but at a variable distance from the source. Atoms may recombine on 
the cylinder walls in the usual manner. The radial co-ordinate r is dimensionless, equal 
to radial length divided by Ro. 
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The concentration of atoms in the cylinder is described by the differential balance: 


ac ,10C, aC 
dia < ee ainda tac tinadings 


with the boundary condition 
ee a eee 
or 


where B = y v R)o/2D. Further conditions are: a source of unit strength at r = 0,x = 0 
and a sink of strength —8 at r = 0, x = L. Thus @ is expressed in number of atoms per 
unit time. 

The solution is readily obtained from the principles discussed in reference 3. 


Qi Jo(air) 


U] aes TB) Iola) 





1 —ejlzl ga --alz—-Ll 
2nrDRo > le iad (a; 


where a, are the roots of 
a4 J, (a4) —5 Jo(a;) = 0 


and Jo, J; are Bessel functions in the usual nomenclature. 

Now imagine a sphere of dimensionless radius r’ surrounding the sink. This will 
represent the catalytic thermocouple probe whose surface is covered by a metal under 
study. 

The net flux of atoms into the sink can be represented by the total rate of reaction of 
atoms on the probe surface. 


J= - $797 CaS 


The integral is taken over the surface of the sphere of radius r’. But the flux must be 
equal to the strength of the sink —8. 


J=-8£. 


Therefore 
(2] B= S57 CdS. 


The concentration C under the integral in this last equation is evaluated from equation 
{1] using the relationship 


{3} r+(x — L)? = (r’)? 


for all points on the surface of the sphere. 

Thus (given the known physical constants: D, Ro, r’, v) 8 can be evaluated in terms of 
y, vy’, and L by the use of equations [1], [2], and [3]. 8 is the sink strength and corresponds 
directly to the temperature measured by the thermocouple probe at any position L. 

Fig. 1 shows some calculated results obtained from the present three-dimensional 
solution. The corresponding three-dimensional solution published by Wise et al. (1) is 
shown by the dashed curves. Our results are plotted as 1/8—1 vs. L and are extra- 
polated to read zero for L = 0 (curves 1 and 2). The results of Wise et a/. are plotted as 
no/n—1 vs. L (curves 3 and 4). Following these authors, » stands for atomic concen- 
tration. The values of the parameters used in calculating the curves are listed in Table I. 
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F1G.1. Depletion of atoms, as expressed by (%0/m —1) or 1/8 —1, as a function of axial distance. Abscissae: 
L co-ordinate. Ordinates: broken curves, calculated following Wise et al.: no/n—1 vs. L with 6 = 1/B = 10°; 
upper curve: 6’ = 1/h = 1; lower curve: 5’ = 1/h = 10; full curve, calculated from equations [1], [2], and 
|3]: superposed curves (1) and (2) 1/8—1 vs. L for 6 = 10%, 6’ = 1, or 8’ = 10. 








TABLE I 
Parametric values used in calculating curves in Figs. 
1 and 2 

Diffusivity, Da—n,, cm*/sec 2.310 
; Tube radius, Ro, cm 1.9 

Velocity of H atoms, v, cm/sec 2.6105 

Probe radius, r’, dimensionless 0.2 
l Recombination probability on tube 

walls, y, dimensionless 9.3X10— 





. It is immediately seen that according to the present analysis, curves 1 and 2 are super- 
posed to give a single curve for values of the catalytic activity of the probe differing by 
a factor of 10, namely y’ = 0.186 (curve 1) and 7’ = 0.0186 (curve 2). The analysis of 
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Wise et al. based upon the doubtful boundary condition at the origin shows two separate 
curves for two different probe catalysts. This result had, of course, been anticipated by 
the one-dimensional solution. Thus the experiments carried out and analyzed by Wise 
et al. should indicate and do indicate that all metals possess the same catalytic activity 
for atom recombination, if probes of the same size r’ are used in all cases. 

It must be noted that minor differences in the catalytic activity of various probes may 
be explained, in the light of the present analysis, by differences in the size of the probes. 
Indeed, the size of the probe, in the more realistic model presented here, enters into the 
problem as one of the parameters of the system. This, of course, is not apparent in previous 
treatments using a hypothetical disk-shaped probe. 


DISCUSSION 


The present analysis of the technique of thermocouple probes does not purport to 
show that the technique does not provide a good way to measure catalytic recombination 
of atomic species. 

First of all, for the measurement of the catalytic activity of the walls of the tube, when 
this activity is not too high, the method is indeed an excellent one as established in a 
definitive fashion by the work of Linnett et al. (4), who showed that identical results 
were obtained whether the atomic concentration in the tube was measured by a thermo- 
couple catalytic probe or by a Wrede-Harteck gauge. The validity of the method will 
again be demonstrated below. 

The possibility of measuring also the relative catalytic activity of probe materials by 
means of thermocouple probes is first suggested by the one-dimensional treatment. It 
was shown that 


with 


Therefore, if two different probes with efficiencies y,' and y2’ are positioned in the tube 
at a distance L from a constant source Q, the value say of y.’, if y:’ is known, can be 
obtained from the temperature rise of the two probes AT, and AT>: 


AT, pa ¥1' (m+hz) 
AT» v2 (m+h,) © 


The proper way to use the technique of the thermocouple probe in order to determine 
the catalytic activity of the probe is illustrated in Fig. 2 based on the three-dimensional 
treatment. Plots of 8 versus L are shown and the numbering of curves corresponds to 
that used in Fig. 1. It is noted that curves 1 and 2 of Fig. 2 have exactly the same shape; 
this is the reason why they become superimposed into one curve in Fig. 1. Results follow- 
ing Wise et al. are plotted as AT /AT) for comparison (curves 3 and 4). Curve 4 has been 
normalized to read 0.1 at L = 0 since the probe catalyst is 10 times less active than for 
curve 3. 

The displacement between curves 1 and 2 (present solution) is the result of the different 
catalytic activity of the two probes. Thus, as already apparent from the one-dimensional 
solution, the ratio of the temperature rises measured by two different probes under the 
same experimental conditions is related to the relative catalytic activities of the two 
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Fic. 2. Semilogarithmic plot showing depletion of atoms as a function of axial distance. Abscissae: L 
co-ordinate. Ordinates: full curves 1 (upper) and 2 (lower) calculated from equations [1], [2], and [3]: 
8 vs. L for 6 = 102, 8’ = 1 (upper), and 6’ = 10 (lower); broken curves 3 (upper) and 4 (lower) calculated 
following Wise et al.: AT/AT > vs. L for 6 = 10°, 6’ = 1 (upper), and 6’ = 10 (lower). 


probes. It must be noted that this method of obtaining the relative catalytic activities 
of various surfaces is only an elaboration of the simpler technique used by Katz, Kistia- 
kowsky, and Steiner (5). It is noted that the displacement between curves 3 and 4 (Wise’s 
solution) is not the same as between curves 1 and 2. This is a reflection upon the fact that 
Wise et al. did not take into account the actual size and shape of the thermocouple probe. 
Since the displacement is also a function of probe radius, a convenient experimental 
verification of equations [1], [2], and [3] could be carried out by using different sized 
probes but the same metal catalyst. 

In regard to Fig. 2, it is seen that the logarithmic slope at large L becomes identical 
for all curves. 


This common slope is determined only by y, the probability of recombination on the 
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tube walls. It is independent of probe activity or radius. Thus the more complete treat- 
ment presented here substantiates, as expected, the results of Linnett and Marsden (4): 
the experimental results of these and other authors (2) who have used a simplified analysis 
to calculate the small catalytic activity of tube walls remain perfectly valid. 


CONCLUSION 


When the perturbing effect of a catalytic probe on the concentration of atoms in a 
discharge is taken into account, thermocouple probes may indicate similar or even 
identical apparent catalytic activities of metals covering the probes under investigation. 

A solution of the problem is presented which, for the first time, assumes a probe of 
realistic shape and size and not the hypothetical flat disk used in previous treatments. 
The conditions for the correct application of the probe method then become clearly 
delineated. 
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DIPOLE MOMENTS AND STRUCTURE OF MOLECULAR COMPOUNDS 
PART I. ALIPHATIC AND AROMATIC AMINE PICRATES' 


R. RAMAN AND SUNDARESA SOUNDARARAJAN 


ABSTRACT 


Dipole moment measurements have been made for some aliphatic and aromatic amine 
picrates in dioxane solution. The fractional ionic character of these complexes in the ground 
state has been calculated from yn, the observed value of dipole moment; yo, the vector sum 
of the moments of the components of the complex; 4, the moment resulting from complete 
one-electron transfer; and known values of S, using the charge-transfer theory of Mulliken. 
For these complexes of the n+Aog type, the charge-transfer process lies in the direction of 
the symmetry axis N*tO~-, the picture corresponding to an energy of interaction U, versus 
charge-transfer co-ordinate (C) curve with a shallow minimum showing an inner complex 
corresponding to (C = 1), 6 = a® or b? > a*, and an activated complex (roughly between 
C = 0.3 to 0.5) corresponding to an intermediate. 


INTRODUCTION 


Molecular compounds have long been known, and theoretical considerations like the 
formation to a considerable extent of covalent bonds between the two components (2, 19), 
saturation of residual valencies (23), electrostatic induction (4), and polarization mecha- 
nism similar to an oxidation-reduction reaction (11, 13) have been put forth to describe 
the forces which bind the components of such compounds. Recently Weiss (28) suggested 
that an extension of the last idea in terms of an electron transfer from the donor to the 
acceptor can explain their formation and structure in detail. Brackman (3) then put 
forth the concept of complex resonance, by which the donor can share an electron pair 
with the acceptor by a process comparable to Lewis acid interaction and suggested that 
the color of the complex is not determined by either component but is a characteristic 
feature of the complex itself. This idea is shared by Mulliken (20, 21), who has recently 
integrated the various views to provide a theory of complex bonding which seems com- 
patible with the known chemical and physical properties of molecular compounds. 

Picric acid forms two types of picrates, (a) with strong organic bases, compounds 
having some of the properties of substituted ammonium salts, (6) with very weak bases, 
molecular complexes, which show pronounced color deepening with none of the properties 
commonly associated with salts. The colored compounds of the picric acid have been 
the subject of many investigations (5, 9, 12, 24). However, the nature of the binding 
forces in the complexes are best deduced by a study of the dipole moments of these 
compounds, since the interaction products are frequently more polar than the constit- 
uents. Examples of such systems involving the donor-acceptor type of non-saltlike 
complexes are given in a review by Andrews (1). Dipole moments of many of the saltlike 
molecular compounds have also been investigated (10, 14, 17, 18, 27). In this paper dipole 
moments of some aliphatic and aromatic amine picrates have been reported and inter- 
preted in terms of Mulliken’s theory. 


EXPERIMENTAL 
Materials and Their Purification 
Dioxane 
This solvent, used in this investigation, was purified by Eigenberger’s method (25). 
1 Manuscript received December 19, 1960. : 
Contribution from the Department of Inorganic and Physical Chemistry, Indian Institute of Science, Banga- 
lore 12, India. 


Can. J. Chem, Vol. 39 (1961) 
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Aromatic Amine Picrates 

Aniline and dimethylaniline picrates were obtained by mixing the base solutions in 
benzene with hot saturated solutions of picric acid in benzene, both being recrystallized 
from absolute alcohol. The naphthylamines were treated in alcoholic solutions and the 
products recrystallized twice from ethyl alcohol: 


aniline picrate: yellowish needles, decomposes on heating; 

dimethylaniline picrate: greenish-yellow glistening crystals, melting point 163° C; 

a-naphthylamine picrate: greenish-yellow prismatic crystals, melting point 181° C 

(decomposes) ; 

68-naphthylamine picrate: yellow needles, decomposes into components on heating. 

Ethylamine Picrate 

Anhydrous ethylamine was dissolved in ice-cold water and was gradually neutralized 
by adding solid picric acid with stirring. The mixture was kept overnight and the solid 
cake obtained was washed with alcohol and twice recrystallized from alcohol, melting 
point 167° C. 


Apparatus and Methods of Measurement 

Measurements of dielectric constant were made using an a-c. mains operated heterodyne 
beat apparatus, details of which are given in an earlier paper (25). Densities of the 
solutions were determined using an Ostwald—Sprengel pycnometer with closed, ground-in 
caps at both ends. The electron polarization was calculated by the additivity of the bond 
refractions of Denbigh (7). Atomic polarization was neglected and the polarization of 
the solute at infinite dilution was obtained using the mean values of the Hedestrand 
constants a and 8 (25). In the case of aromatic amine picrates in dioxane solution the 
variation of dielectric constant with mole fraction of the solute was found to be linear 
only at dilute concentrations. For very dilute solutions non-linearity was observed 
below the mole fraction range of 0.0009 for aniline picrate, 0.00055 for dimethylaniline 
picrate, 0.00088 for a-naphthylamine picrate, and 0.00016 for 6-naphthylamine picrate, 
the trend of the curve being similar in all these cases. Consequently the polarization at 
infinite dilution in these cases has been calculated using values from the linear portion. 
The data are given in Tables I and II. 


TABLE | 
(Temperature 35°+0.01° C; solvent: dioxane) 








Dielectric ; | Dielectric 
Mole fraction constant Density | Mole fraction constant Density 
iH 











Aniline picrate || a@-Naphthylamine picrate 
\} ® 


0.000143 2.21338 1.01764 0.000314 2.21294 1.01690 
0.000528 2.22243 1.01818 | 0.000884 2.22777 1.01765 
0.000901 2.23450 1.01852 || 0.001639 2.25561 1.01870 
0.001409 2.26164 1.01917 || ~—-0.001740 2.25743 1.01881 
0.002924 2.35211 1. 2105 || §-Naphthylamine picrate 
0.004414 2.45365 1.02295 || 0.000162 2.20727 1.01700 

Dimethylaniline picrate 1 = cates : aon pred 

9) 9% 9 1} . meme . . 

0.000149 2.22042 1.01768 pe 

0.000676 2.23952 1.01824 || _ 0.001293 2.25981 1.01854 

0.000552 2.23248 1.01811 || Ethylamine picrate 

0.000672 2.23851 1.01824 || 0.000274 2.25535 1.01868 

0.001316 2.27068 1.01893 || 0.000428 2. 28025 1.01884 
| 0.000525 2.29757 1.01898 
} 1 


0.002536 2.59431 


.02116 
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TABLE II 
Orienta- 
Total Molar tion 
polariza- refrac-  polariza- Dipole 
Hedestrand tion tion tion moment 
Picrate Mol. wt. a B (cm?) (cm*)* (cm*) (Debye) 
1. Aniline 322.23 28.31 1.218 977 .09 78.09 899.00 6.74 
2. Dimethylaniline 350.29 22.90 1.042 814.73 87.73 727 .00 6.06 
3. a-Naphthylamine 372.29 16.42 1.333 603 . 88 93 .63 510.25 5.08 
4, B-Naphthylamine 372.29 30.25 1.296 1052.63 93 .63 959 .00 6.96 
5. Ethylamine 274.13 66 .03 1.041 2188.02 63.05 2124.97 10.37 





*Calculated from bond refractions of Denbigh (7). 


THEORETICAL CALCULATIONS 
Calculation of the Ionic Character Using Mulliken’s Theory 
The theory of Mulliken can be applied to a wide variety of donor D and acceptor A 
entities. In the present context, the donors are the neutral (n) onium bases (the aromatic 
and aliphatic amines), while the acceptor is the picric acid, which forms fairly stable 


compounds, viz. the amine picrates. For the donor-acceptor resonance complex, the 
wave function of the ground state N is 


{I} Yn = aot by. 


Here y is the no-bond wave function of AD in the equilibrium separation v,4p without the 
consideration of exchange forces, i.e. the quantum mechanical first-order value. The wave 
function y; is the dative-bond wave function of the polar state D*+A~ corresponding to 
transfer of an electron from D to A and contains exchange forces; ¥y is approximated by 
the sum of the two terms alone and, from the normalization condition fdn2dv = 1, the 
coefficients a and 6 in equation [1] are related by 


[2] a?+2abS+b? = 1 
where S is evaluated from the Slater overlap integral S,p (22) by’means of the relation- 
ship 

S = 2((14+San’)]*Sap. 
The dipole moment of the charge-transfer process lies in the direction of the symmetry 
axis N+O-. On account of the insignificant overlapping of ¥, and Wp due to large distance 
(3.22 A), S is very small. The moment yy (the experimentally determined value) is given 
by 
(3) ux = fox Myxdv = apo +b 241 +2abp0r 


where yo is the vector sum of the component moments of A and D, ui = evap (e, the elec- 
tronic charge, and yap, the equilibrium distance between N* and O- atoms, i.e. 3.22 A 
taken from the X-ray data for hydroxylamine hydrochloride (16)) and 

[4] Hor = 3(u1— Ho) S+Spo 

so that 


Mw = Qo +b2u1+abS(u1 — wo) +2abSpo. 


From known values of S, ui, uo, and uy, the coefficients a and 6 and the values of b?/ (a?+-5?) 
taken as corresponding to the ionic character of the compound have been calculated. 
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The values are given in Table III. (R,» = 3.22 A taken from N—O distance in hydroxyl- 
amine hydrochloride (16); uw, = 4.803X3.22 A = 15.46 D; S = 0.0177, calculated from 


TABLE III* 








Moment of Covalent Moment of 
Picrate the base moment, yo the complex a b b?/(a? + 5?) 


Aniline 1.54 2.533 6.742 0.8114 0.5707 0.3310 
Dimethylaniline 1.58 2.565 ; 0.8448 0.5210 
a-Naphthylamine 1.49 2.492 ? 0.8861 0.4469 
8-Naphthylamine 1.77 2.722 : 0.8067 0.5772 
Ethylamine oe 0°”6=Ct«—C‘ie : 0.5954 0.7932 








*y resultant of picric acid (1.57 D) (18) was taken as acting at an angle of 71° to the C—O bond. This angle was derived from 
the bond moment values of 0.8 D for the C—O link and 1.51 D for the H—O link, from which a resultant moment of 1.57 D and 
an angle of 101° was obtained for the COH angle. In all the aromatic amines the hydrogen or the methyl groups of the amino 
group were assumed to be in plane with the aromatic rings (consistent with the theoretical treatment of aniline by Coulson (6)) 
and the resultant moments were assumed to act from N — C (8). For ethylamine the resultant moment was assumed to act from 
the nitrogen atom in the direction of the lone pair orbital (N — :). 


Sao, Slater overlap integral using Slater » values for N+ and O~ ions (22); mainly because 
of its strong dependence on the uncertain quantity S, the value of 6 can only be relative.) 


DISCUSSION 
Though the stable compounds of the amine picrate type can be discussed in terms of 
the same general theoretical framework of Mulliken, there are some important differences, 
It is convenient to visualize that picric acid be placed near the amine with hydrogen 
directly between the nitrogen of the amine and the oxygen of picric acid at a distance 
approximately equal to that in the ionic but undissociated complex, i.e. 


H NOs 
| p—— 

C:H;—N*—H -o-¢~ Y—NO: 

» ) <\— ? 2 
NO, 
Mulliken has outlined the various possible modes of interaction of donor-acceptor pair 
by plotting the energy of interaction U against a co-ordinate C (called the charge-transfer 
co-ordinate) which increases continuously with the charge transfer, subject to the added 
specification that the nuclear skeleton be so adjusted for each value of C as to make U 
as small as possible. For the above situation C could still be only a little larger than 
zero. If C is allowed to increase, the hydrogen atom comes towards the nitrogen atom, 
the tendency being to set up tetrahedral angles around nitrogen (sp* hybridization). The 
N—O distance adjusted according to the above definition very nearly remains constant. 
According to Mulliken an increase in C corresponds to a likely increase in U because, 
(i) the non-bonded repulsions with Yo increase, (ii) the amount 5?/a? of the higher-energy 
wave function y; increases. However, other factors that diminish U as C increases are 
(i) electrostatic polarization within yo, (ii) decrease in the energy of y; due to increasing 
attractions and decreasing repulsions as the H moves towards the nitrogen atom, (iii) de- 
crease in the energy of ¥, because of ‘‘dative polarization’’, and (iv) resonance between y 
and y. In the present case the amine is the lone pair or onium donor (n) and the picric acid 
an_even-bonding electron hydrogen acid (ha) acceptor. The ultimate picture of these 
factors for complexes of the n+Aa,z type should probably be a U(C) curve with a shallow 
minimum showing an inner complex corresponding to (C = 1), 6? = a* or B? > a®, and an 
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activated complex (roughly between C = 0.3 to 0.5). The variation of ionic character 
values (b?/a?+-5?) from 0.640 for ethylamine picrate to 0.203 for a-naphthylamine picrate 
in dioxane solution shows that the structure of the picrates varies in between the inner 
complex with maximum transfer and the activated complex. According to Mulliken for 
such n+he pairs the charge-transfer forces may be too weak to give rise to an outer 
complex. 

If the inner complex becomes energetically the stable form, complete dissociation into 
solvated ions may result if the assisting agent is an ionizing solvent. This electrolytic 
dissociation occurs at a constant value of 1 for C, the inner complex corresponding to 
maximum charge transfer and 100% ionic character. In the present case of amine picrates 
where a o bond is broken, even assuming that two ions are formed, they still cohere 
because of the presence of the non-ionizing solvent, dioxane. 

Previously Kraus et al. (10) and Maryott (18) have determined independently the 
dipole moments of picrates of alkylamines in benzene and dioxane solutions, the observed 
moments lying between 12 and 18 D. They explained that these large dipole moments 
are due to the presence in solution of an ion pair A~-HD+t. Very recently Tsubomura (26) 
has measured the moments of a series of organic salts (viz. anilinium and pyridinium 
picrates, trimethylamine—phenol complexes, and trimethylamine —haloaceticacid complexes 
etc.) with a view to studying the proton transfer in these compounds. Tsubomura concluded 
that the picrates as well as the amine — haloacetic acid complexes are ion pairs on the basis 
of the differences in the moment Au between the observed moments and the structure 
moments, which are the vector sum of the component moments. The trimethylamine — 
acetic acid complex was characterized as having an incomplete proton transfer, whereas 
the other complexes studied (e.g. hexamethylene tetramine complexes) were characterized 
as belonging to that of the hydrogen-bonded type. However, his expectation of the possi- 
bility of determining whether an acid-base pair is an ion pair or a hydrogen-bonded 
complex is based on erroneous grounds because a molecular compound cannot be rigidly 
classified as belonging to one or other of the two types on the basis of the observed 
moments of the complex as has been pointed out by Sutton ef a/. (15). 
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THE HELLMANN-FEYNMAN THEOREM AND CHEMICAL BINDING' 


RIcHARD F. W. BADER AND GLENYs A. JONEs? 


ABSTRACT 


The advantages of the electrostatic interpretation of chemical binding are illustrated. 
It is shown that the forces exerted by the electrons in a molecular orbital may be determined 
by general expressions. These are functions of only one parameter, the value of which is easily 
specified for a particular case. From the general expressions it is possible to obtain quanti- 
tative measures of the bonding or antibonding power of a molecular orbital. It is shown that 
the usual interpretations of bonding and antibonding properties in molecular orbital theory are 
misleading and that few orbitals are, in actual fact, antibonding. If molecular orbitals are 
classified as net bonding or net antibonding, terms which are precisely defined and have a 
definite physical significance, a much closer correlation with previous concepts of bonding is 
obtained. The effects of mutual orthogonalization within a set of orbitals are studied. It is 
found that this procedure decreases the bonding ability of bonding orbitals, but increases 
that of antibonding orbitals. The dangers of disregarding such orthogonalization in a con- 
ventional calculation are clearly illustrated. 


I. INTRODUCTION 


The Hellmann—Feynman theorem permits one to relate the forces acting on a nucleus 
in a molecule to the classical electrostatic forces exerted on the nucleus by the other nuclei 
and by the particular distribution of electrons found in the molecule. This relationship 
may be expressed as 


ae ZZs ) Viti 
(1) Fas v2 OXa (> Tap ef pdr 


where p(x, y, 2,) is the electron density, &.; the electric field produced by the ath nucleus 
in the x direction at the position of the ith electron, and Z, is the nuclear charge of atom 
a. In a previous paper (1) we have shown that equation [1] is capable of providing reason- 
able results for the binding energies of simple molecules. At that time it was stated that 
the Hellmann—Feynman theorem provides a qualitative interpretation of chemical 
binding that is perhaps more readily understandable than is the usual discussion which 
is couched in terms of energies. The reason for this is that the electron density present 
in a molecule is a real three-dimensional quantity. In employing the Hellmann—Feynman 
theorem one reduces a problem in molecular structure to a problem in classical electro- 
statics, a problem of the interaction of a system of nuclei and some continuous charge 
distribution. In this paper we wish to illustrate the advantages of this approach. Rather 
than press the Hellmann—Feynman theorem by attempting to calculate molecular energies 
through the use of approximately determined electron densities, we wish instead to 
demonstrate the ability of the theorem to provide us with useful semiquantitative results 
regarding the bonding character of various electron distributions. 


Il. THE HELLMANN-FEYNMAN THEOREM AND THE MOLECULAR ORBITAL 
APPROACH 

When the molecular orbitals used in the description of the electronic structure of a 

molecule are all orthonormal, the electron density may be expressed as 
p= >) nbd: 
i 

where the summation is over all of the occupied molecular orbitals and m,; (= lor 2) is 

‘Manuscript received February 22, 1961. 

Contribution from the Department of Chemistry, University of Ottawa, Ottawa 2, Canada. 

*Recipient of a Commonwealth Scholarship. 
Can. J. Chem. Vol. 39 (1961) 
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the occupation number. (In the general discussion which follows we shall confine ourselves 
to the case of a homonuclear diatomic molecule simply to avoid cumbersome notations. 
The extension to more complex molecules is straightforward.) Any of the products 
v.*¥, may be expressed in terms of the atomic orbitals which are used to approximate 
the molecular orbital and, for a homonuclear diatomic molecule, this is 


vi*Y, = N? ($a? + bs? + 2Gads) 


where the plus signs represent a bonding and the minus signs an antibonding combination, 
and N,is the normalizing factor. The force F; acting on nucleus a due to a pair of electrons 
in the 7th molecular orbital is 


(2] F, = 2ef Garhi*Wi dr. 


The analytical expression for Gaz is Zae COS Oa/?*4;. Therefore, the force exerted on nucleus 
a by a pair of electrons in the ith molecular orbital may be interpreted in terms of the 
interaction of an ideal dipole centered on nucleus a with the various atomic and overlap 
charge distributions, 


. , ae ; , 2 : > 2 
[3] FP, = i+S | 9.4 Pa art | 9. os dr? { Due bebgit | 


where Dar = cos 04/Ta;, and F; is expressed in atomic units. The total force in atomic 
units exerted on nucleus @ is simply the sum of all the individual F,’s together with the 
repulsions due to the other nuclei present in the molecule, 


[4] Faz i } ie fais 7 i (n;/2) Fi. 
8 i 


By choosing suitable expressions for the molecular orbitals we may calculate the forces 
exerted on a nucleus. The bonding and antibonding characters of different electron dis- 
tributions may be compared and semiquantitative predictions made with much greater 
ease than is possible with the usual discussion in terms of energies. We shall illustrate 
this with a discussion of the molecular orbitals which are responsible for the bonding 
found in the homonuclear diatomic molecules composed of the atoms in the first row 
of the periodic table. 

We have chosen to employ Slater’s expressions with variable screening constants for the 
atomic orbitals in a L.C.A.O. approximation to the molecular orbitals. Such expressions 
give results for the electron densities that are sufficiently accurate to allow meaningful 
comparisons to be made between the forces resulting from different molecular orbitals. 
We have previously demonstrated that such expressions give good estimates of bonding 
energies for simple molecules (1). To this approximation it is possible to write a com- 
pletely general expression for the forces exerted on a nucleus due to the occupation of 
any particular type of molecular orbital. 

Reference to equation [3] shows that F; for a homonuclear diatomic molecule is com- 
posed of three terms. If the atomic orbital ¢. is centrosymmetric, the first integral 
f ¢ab¢a2,d7r is zero since no force will be exerted on a nucleus by a symmetrically placed 
charge distribution. The second integral f ¢8¢s7 2:07 is the force due to the penetration 
of nucleus a into the charge distribution about the second nucleus.’ This penetration 
effect results in an imperfect screening of the second nucleus and, if no other effects 


For example, integration of [ ¢3¢sDazdr from R to © for og = 1s a.o. results in the so-called J integral 
which occurs in the regular molecular orbital calculation of the energies of H2* and Hoe. 





BADER AND JONES: HELLMANN-FEYNMAN THEOREM 1255 


were operative, it would give rise to a resultant repulsive force between the two nuclei. 
The third contribution to F,, 2f ¢a¢3 D..dr gives the magnitude of the force on nucleus a 
due to the charge which is built up between the two nuclei in a bonding orbital. It is 
well known that 2¢a¢3/(1+5S) (where S is the overlap integral) is a measure of the amount 
of charge transferred from regions where ¢,” and ¢? are large to the region where ¢a¢g is 
large. The total amount of charge transferred in the formation of the molecular orbital 
is simply 2S/(1+.S). Thus f ¢a¢s D.2dr gives a quantitative measure of the forces arising 
from the charge which is transferred due to the overlap of the atomic orbitals. (In an 
antibonding orbital an amount of charge 2S/(1—S) is, of course, removed from the 
overlap region and placed in regions where ¢,? and 9° are large.) It is this build-up of 
charge in a bonding orbital which counteracts the repulsive force mentioned above to 
give a resultant binding force.* 

All of the integrals encountered in equation [3] may be expressed as a product of 
(1/R?) with a dimensionless expression which is a function only of Q where Q = BR, 
R being the internuclear separation and 8 a screening constant. Because of this property, 
general expressions may be derived from any type of molecular orbital as functions of 
Q alone, from which the forces are obtained simply by dividing by R?. Before presenting 
these general expressions for the forces, it will be instructive to consider the dimensionless 
functions for the f 63°D 2dr and f ¢a¢3 Z.,d7 integrals separately. These we have plotted 
in Fig. 1 for the molecular orbital composed of 2s atomic orbitals. We can, for the sake of 





NN SQ. eat 











lic. 1. The overlap integral and the dimensionless expressions for the components of the force due to 
the o,2s molecular orbital. 


discussion, consider Q as equal to R, that is, give an arbitrary value of unity to the 
screening constant. Notice that as R is decreased the value of f ¢s*Zardr falls steadily 
from unity to zero. In these same dimensionless units (i.e., multiplication by R?) the 
nuclear repulsion is simply —1 for a pair of electrons. Thus for large values of R, the 
screening is complete and the forces are zero. However, as R is decreased and the pene- 
tration of the charge cloud on the second center begins, the net result of the nuclear 
repulsion and the penetration effect alone is a net repulsive force. 


‘Hurley (2) has previously discussed the electrostatic interpretation of chemical binding as given in this para- 
graph. 
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The form of f dads 2,,d7 as compared to that of simply S (which is also given in 
Fig. 1) is of great interest. It reaches a maximum and then returns to zero. That is, 
initially the charge which is transferred is placed in the binding region and the net 
attractive force is increased. However, as the overlap continues to increase, much of the 
charge is now placed in regions which are principally antibinding regions and the net 
attractive force begins to decrease. How this effect arises can be seen most simply and 
elegantly by a consideration of some views put forward by Berlin (3). Consider an 
element of charge which is placed at any point within the two full curves in the field of 
two nuclei of equal nuclear charge as indicated in Fig. 2. It is evident that the net force 





Fic. 2. A Berlin diagram showing the binding and antibinding regions in a diatomic molecule. 


in the x direction which this element of charge exerts on the nuclei is one which draws 
them together. A similar element of charge placed at a point outside of the two curves 
(at either end of the molecule) produces an unbalanced resultant force in the x direction, 
one that tends to increase the distance between the two nuclei. It is also clear that there 
will be positions from which the forces acting on the nuclei will be equal with no net force 
tending to increase the nuclear separation. These positions in effect lie upon the two 
boundary curves which divide the “binding”? region from the ‘‘antibinding’’ regions. 
Thus while the amount of charge transferred in the formation of a molecular orbital is 
proportional to the overlap integral, the position at which this charge is placed is of 
great importance. The great advantage of the present approach is that a quantitative 
estimate of the relative bonding or antibonding abilities of molecular orbitals may be 
made without the necessity of couching the discussion in terms of overlap integrals or 
other qualitative concepts. 

All of the F;’s for the various types of molecular orbitals may be expressed in the form 


[5] F,= (Za/R?)fi(Q) 


where f; is a dimensionless function of Q(= BR). Specifically, 


, natal 1 E ‘ 
[6] fi/R = ins lf 5 Dads +2 | dads Putt 


where again the plus and minus signs refer to the bonding and antibonding combinations 
respectively. We have derived analytical expressions for the f;’s due to the g and the u 
combinations of the ols, ¢2s, 2p, #2p, and sp hybrid molecular orbitals. Coulson (4) 
has previously given the expressions for the ols and o2s molecular orbitals. All of the 
expressions are listed in the appendix for the sake of completeness. In Figs. 3 and 4 we 
have plotted the functions f; for the various bonding and antibonding combinations. 
The actual force, expressed in atomic units, exerted on nucleus a by the electrons in the 
ith orbital in some particular molecule is obtained simply by multiplying the value of 
f; as determined by the value of Q, by Z,./R?. The curves as shown when divided by R? 
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Fic. 3. The dimensionless expressions for the forces due to the bonding combinations els, ,2s, 52), 


and mu2p (o,2p is orthogonal to a,2s). 


Fic. 4. The dimensionless expressions for the forces due to the antibonding combinations, o,ls, o.2s, 
and 7,2p. 


represent the forces exerted on a nucleus of unit charge by electrons distributed in 
molecular orbitals with a screening constant equal to unity for all values of R. 


Ill. A DISCUSSION OF THE FORMS OF THE f; CURVES 

Many attempts have been previously made to relate the strengths of various bonds 
to the magnitude of the overlap between the atomic orbitals comprising the bond. 
Examples are Pauling’s criterion of maximum overlap, the use of the overlap integral by 
Mulliken (5) and Maccoll (6), and discussions due to Mulliken (7) of atomic and overlap 
populations. All these discussions are qualitative in nature. By focusing our attention 
on the forces involved we may make the discussions more quantitative, and less specu- 
lative. A number of interesting points emerge from a consideration of Figs. 3 and 4. For 
instance, while the 2,2p molecular orbital possesses an overlap integral which, for any 
value of Q, is only slightly less than that for a ¢,2s molecular orbital, the x, is much less 
bonding than is the o, orbital. A consideration of the forces involved illustrates why 
this should be expected. First, a comparison of the integrals f Da22pagdr and f PD :2sg¢dt 
shows that the m, orbital is much less effective at screening the nucleus than is the o, 
orbital. Second, the m, orbital, while possessing an appreciable overlap and transferring 
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a considerable amount of charge to the binding region, places most of the charge above 
and below the internuclear axis. It is evident from the form of the integral f tams* Dor 
that the maximum force will be obtained when the charge is placed along the inter- 
nuclear axis as it is in this position that the interaction with the nuclear dipole will be a 
maximum. While the total amount of charge transferred by the a, orbital is very nearly 
the same as for the z,, the force exerted on the nucleus by this distribution of electrons 
is much greater since the maximum pile-up of charge is on the internuclear axis. This 
example illustrates why a mere comparison of the overlap integrals is insufficient to 
determine the relative bonding properties; one needs to know, rather, the amount of 
charge transferred and the point to which it is transferred, two facts which the f; 
values take into account fully. 

The force exerted by the electrons in a o,1s orbital reaches a maximum value for smaller 
values of Q than does that for the molecular orbitals composed of 2s and 2p atomic 
orbitals. This result is to be expected as maximum force should reflect the maximum in 
the radial density function. 

The force curves illustrate in a very lucid manner the effect of mutual orthogonalization 
on the bonding properties of molecular orbitals. The f,,») curve is that for a ¢,2p molecular 
orbital which is orthogonal to the o,2s molecular orbital. Neither the o,2s nor the o,2p 
molecular orbitals have been made orthogonal to the o,ls orbital. The reasons for this 
procedure are as follows. When all 10 of the molecular orbitals are made mutually orthog- 
onal the resulting picture is too complicated to be useful in making general observations. 
Thus one must decide between taking the o,2s and the o,2p orthogonal to each other 
and neglecting the non-orthogonality with respect to the o,ls, or else make both the 
o,2s and ¢,2p orthogonal to the o,ls but then not to each other. Coulson and Lester (8) 
have pointed out the necessity of including the 1s—2s and 1s—2p orthogonalities in the 
calculation of molecular energies. It has been pointed out by them that when a o,2p 
molecular orbital is constructed so as to be non-orthogonal to the o,1s function the 2p 
function will contain a significant amount of o,ls character. Thus the energy obtained 
for this non-orthogonal 2 molecular orbital will be too large as it contains a contribution 
due to the 1s molecular orbital. This is a very serious discrepancy as the term value for 
the ls molecular orbital lies about 10 ev below that for the o,2p molecular orbital even 
in H.*+ and thus a small amount of 1s contribution to the 2p molecular orbital causes 
considerable error. Coulson and Lester (8) do not discuss the discrepancies which arise 
from the lack of orthogonality between the 2s and 2p molecular orbitals. In the calculation 
of the forces it is much more important to take into account this latter orthogonality 
than the former. The forces due to the o,ls orbital are actually slightly less than those 
due to the o,2s and o,2p molecular orbitals at the equilibrium internuclear distances 
and as can be seen from the graphs, all the curves approach unity for large values of Q. 
Thus a small amount of 1s character in the molecular orbitals constructed from the 2s 
and 2p orbitals will be much less serious than in the calculations of energies.’ However, 
it is very important in these calculations to ensure orthogonality between the 2s and 2p 
functions. In Fig. 5 we show a plot of f’,,2, which is the result obtained when the o,2p 
molecular orbital is not orthogonal to the o,2s. The result is meaningless. The forces 
predicted by this curve are of such a magnitude as to actually make every other force 
operative in the molecule insignificant. When the condition of orthogonality is introduced, 
however, the result for f,,2, is very reasonable, as illustrated in Fig. 3. Mulliken (9) has 


5It should be pointed out that when one employs the electrostatic method for the calculation of bond energies a 
mutually orthogonal set of molecular orbitals (including the 1s contribution) must be used. 
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1G. 5. The dimensionless expressions for the forces due to the ¢,2p and orthogonal o,2s molecular 
orbitals; also shown are the corresponding expressions due to the average electron densities of the mutually 
orthogonal pairs ¢,2s, o,2p and oy2s, ou2p. 


noted that when this ‘‘forced’’ hybridization (i.e., that due to the consequences of ortho- 
gonality) is taken into account the o,2p and o,2s orbitals become less bonding. Notice 
that the same trend is illustrated in the force curve for.o,2p. If the o,2p molecular orbital 
is made orthogonal to the o,2s, the force exerted by the ¢,2p molecular orbital decreases 
to almost zero in the region of Q = 7. All this leads to an even more important observation. 
Included in Fig. 5 is the force curve for a o,'2s orbital which is now orthogonal to the 
a, 2p molecular orbital. That is, their roles have been reversed in the orthogonalization 


procedure. Now it is apparent that the o,2p molecular orbital is much more strongly 
binding than is the o,2s molecular orbital, which in fact becomes antibinding. Thus it is 
rather arbitrary to speak of the relative bonding properties of the o,2s and the o,2p 
molecular orbitals. When both of these orbitals are occupied there will be a resulting 
total force. This total force will have some meaning as it is the only contribution from the 
n = 2 orbitals with c, symmetry. This total force is, of course, the same as that obtained 
from the previous pair of orthogonal o,2s and ¢,2p orbitals, since an orthogonal trans- 
formation leaves the wave function and the total electron density urichanged. We have 
plotted, in Fig. 5, f.,:2.%), which is the average of the f.,2, and the orthogonal f.,2) 
curves (or equally well, the average of f’.,2, and f’.,2» curves), and f~,/25,2), Which is the 
average of the values obtained from the orthogonal o,2s and o,2p molecular orbitals. 
By this consideration of the forces, we bring into sharp focus the fact that the concept 
of a molecular electronic configuration in terms of molecular orbitals does have definite 
limitations. The order of the orbital energies is at the complete mercy of the orthogo- 
nalization procedure and has no real significance. All that does possess significance is 
the total energy (or force) for the electronic state of the molecule, not how this energy 
is divided into contributions for the different orbitals. 


IV. THE BONDING AND ANTIBONDING CHARACTER OF MOLECULAR ORBITALS 


Much of what has been written about the bonding character of orbitals is based on 
spectroscopic observations, e.g., the ionization of an electron from the 7, orbital of the 
oxygen molecule results in the bond length of the O.+ ion being less than that for the 
neutral molecule. As Coulson (10) points out, this observation serves as the definition 
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of an antibonding electron. Nonetheless much more is inferred from the results of such 
observations, i.e., that the electron when present in the molecule actually did exert 
an antibinding force. This is rarely the case as we shall demonstrate. 

The electrostatic calculations allow for an unusually clear and simple definition of an 
antibinding and binding molecular orbital.6 The force curves f; give immediately the 
net force due to any particular density distribution. The simplest definition of a 
binding or a bonding orbital: is one for which f; is positive at the particular value of Q 
which is of interest, and of an antibinding or an antibonding orbital one for which the 
pertinent value of f; is negative. A negative value of f; implies that the electrons are 
distributed in such a fashion as to exert a force on the nuclei which tends to draw them 
apart, and surely this is the simplest interpretation of an antibinding or antibonding 
electron. Reference to Fig. 4 illustrates that the so-called ‘“‘antibonding orbitals’’ possess 
negative f; values only for very small values of Q, corresponding to very close approach 
of the atoms (for values of R usually less than R,). Charge of total amount 2S/(1—S) 
is transferred in the formation of these orbitals, but it is transferred primarily to binding 
regions. Figure 4 shows that it is only when a relatively large amount of charge has been 
transferred that the amount placed in antibinding regions exerts an effect which out- 
weighs that due to the binding regions. Reference to equation [6] shows that the analytical 
requirement for antibonding is for 2f a3 La,dr> f 3? DP adr. 

An important orbital, which is classed as antibonding, is the x, orbital of the homo- 
nuclear diatomic, and symmetrical linear triatomic molecules. These molecular orbitals 
are of the form N(a.—73). There are no other orbitals of the same symmetry to be con- 
sidered in these molecules which allows us to refer specifically to the bonding properties 
of this particular orbital. 


(1) Carbon Dioxide 

The ionization of a 7, electron from carbon dioxide results in an increase in the equili- 
brium bond length from 1.163 A to 1.177 A. Mulliken (11) assumed this to imply that the 
x, orbital was in reality a bonding orbital. He, however, states that it is impossible for the 
orbital as ordinarily written (#7, = N(aa—7s)) to be bonding and that if it is bonding it 
must be due to a participation of a 3d atomic orbital of carbon in the molecular orbital. 
Moffitt (12) excludes this possibility as he maintains that the mixing in of a 3d orbital would 
be energetically very unfavorable. Instead Moffitt (12) tendered the explanation that after 
the removal of a 7, electron the residual 7 electron distribution rearranges in such a way 
that the z-bond order decreases. We can obtain a good estimate of the bonding character 
of this orbital by the electrostatic method simply by assigning a reasonable value to 
the screening constant 8.’ Using the expression for 8 in the footnote we obtain a value 
of 2.28 for the screening constant, and thus a value of 10 for Q, as the equilibrium bond 
distance for the O—O separation in COs is 4.396 a.u. Clearly the z, orbital is well within 
the region where the electron density is principally in the binding region. The value of 
fz, at Q = 10 is +0.94 and, therefore, the force acting on the nuclei tends to draw them 
closer together. The orbital is thus binding and has no antibinding properties whatsoever 
in this range of values for Q. The removal of one electron will leave only three electrons 

6 Following the suggestion of Berlin we use the terms binding and antibinding when referring io forces and 
bonding and antibonding when referring to energies. 


7The screening constant B is given by 
B = Z,—AZe® 


where AZ = Z,—Z,, Z, is the value of the screening constant for the separated atoms (R = ~) and Z,, is the 
screening constant for the united atom (R = O). R is expressed in atomic units. Both Z, and Z, include the 
factor 1/n* in the Slater recipe (1). 
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in the x, orbital. To a first approximation this will decrease the amount of binding con- 
tributed by this orbital by 1/4. The C—O distance should therefore increase as is observed. 
The decrease in binding will not be as great as might at first be expected, for the removal 
of the electron has increased the value of the screening constant for the remaining elec- 
trons. Thus the value of Q increases for the same value of R, and the remaining electrons 
will exert a greater positive force per electron in the ion than in the neutral molecule. 
This is part of the effect which Moffitt has termed a rearrangement of the remaining 
x electrons. However, at Q = 10, f,, has already practically reached its maximum value 
of 1.00 and hence an increase in Q can result in only a small change in the force exerted 
per electron. Thus it is not necessary to invoke any special carbon participation to explain 
why the , orbital in carbon dioxide is bonding. The answer lies simply in the fact that 
at this value of the internuclear distance the atomic orbitals have not overlapped suffi- 
ciently to remove a significant amount of charge from the binding region, with the 
result that the force exerted on the nuclei is positive. 


(11) Oxygen 

The ionization of a w, electron from the oxygen molecule results in the formation of 
an O,* ion which has a considerably shorter bond length and a higher energy of dissocia- 
tion than the neutral molecule. This has always been interpreted as implying that the 
x, orbital is in this case very strongly antibinding. The present interpretation does not 
bear this out. The screening constant for the x, orbital in the oxygen molecule will be 
approximately 2.12, which places the z, orbital in the region of Q equal to 4.82, i.e., in 
the region where the orbital is still definitely binding. Furthermore, it is in a region of 
the force curve where f,, is increasing rapidly with increasing Q. In the vertical ionization 
the screening constant and hence Q for the remaining z, electron will be greater than 
the corresponding O2 values for the same value of R. The force exerted on the nuclei 
per electron is thus considerably greater in the ion than in the neutral molecule for the 
same value of R. The end result of the removal of a z, electron is the formation of an 
unbalanced force which draws the two nuclei together. This results even though the 
original molecular orbital itself was not antibinding. The molecule may now collapse 
and of course all of the deeper-lying orbitals will fall into regions of greater binding unti! 
the force due to the nuclear repulsion again matches that due to the electron density. (A 
glance at the force curves for the 1s and 2s orbitals will illustrate how these forces may 
well become appreciable as the value of R and thus Q is decreased.) The net result is an 
increase in force integrated over a significant distance, or a greater total bonding energy 
for the O,* ion. 

This discussion of the x, orbital clearly shows the danger of attempting to extract 
detailed information regarding the binding character of an orbital solely from its spectro- 
scopic behavior. 

There is another manner in which the total force may be broken down into individual 
contributions, in such a way as to be useful in the interpretation of the trend in bond 
strengths. The values of the f,’s all tend to unity as Q increases. This occurs because 
the overlap between the atomic orbitals.decreases to zero and the nuclei are simply 
screened by the electrons present in each atomic orbital. The total force thus approaches 
zero, for at large distances the screening will be complete. The interesting point is the 
behavior of the f; values as Q (i.e., R) is decreased. A strongly ‘‘bonding’’ orbital will 
show an increase above unity in its f; while an ‘‘antibonding” orbital will possess a f; 
whose value drops below unity, eventually to a negative value for small values of Q. Thus 
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certain orbitals not only provide the shielding amount of force (equal to unity) but 
exceed this due to the favorable transfer of charge into the binding region. Because of 
this it is of interest to express the total force as 


[7] For = 4 4 (fi-1) where n = Z. 


When written in this form we can see immediately which molecular orbitals provide 
electron densities which do more than simply screen their share of the nuclear charge.® 

In fact the term (f;—1) can be used as a new definition of bonding and antibonding. 
When the sign of (f;—1) is negative it implies that the two electrons in the ith 
molecular orbital are distributed in such a way that the resulting density distribution 
is not sufficient to screen their share of the nuclear charge, and thus their presence 
contributes a resultant repulsive force to the molecular system. We term this a net 
antibonding orbital. When the sign of (f;—1) is positive it implies that the pair of electrons 
in the ith molecular orbital exert a resultant binding force and hence such a molecular 
orbital is termed a net bonding orbital. According to these definitions, a doubly occupied 
orbital is bonding when its f; value exceeds its share of the nuclear repulsive force. An 
orbital may thus be net antibonding even though its f; value is positive. Reference to 
Figs. 3 and 4 illustrates that the definition of net antibonding coincides much more 
closely with the usual assignment of bonding and antibonding properties of the molecular 
orbitals. For example, the x, molecular orbital is net antibonding for the value of Q 
found in the oxygen molecule. Thus a molecule which is forced to employ the z, orbital 
must distribute these electrons in such a fashion that although the electron density in 
the binding region is still sufficient to result in a force which draws the nuclei together, 
is insufficient to overcome that portion of the nuclear repulsive force associated with their 
presence. 

The statement is often made that there is no stable helium molecule because the 
o,1s orbital is more antibonding than the g,1s orbital is bonding. In fact, it is generally 
stated that for any molecular orbital, the antibonding combination is more antibonding 
than is the bonding combination bonding. This is in fact not true. The o,1s orbital is 
binding, that is, draws the nuclei together except for values of Q less than 3.4 (which 
would correspond to R values of less than 2.0 a.u. in He). It is less binding than the 
g,ls orbital but still binding, for values of R > 2.0 a.u. What causes the helium molecule 
to be unstable is that the o,,1s orbital is net antibonding. On proceeding from the hydrogen 
molecule to the helium molecule we increase the nuclear repulsive force and add a pair 
of electrons to an orbital which while binding, is not sufficiently binding to meet the 
increased nuclear repulsion. This is not equivalent to the usual interpretation. 

The o,ls and o,ls molecular orbitals for the homonuclear diatomic molecules, from 
Li: across, all possess a value of Q > 10 at R,. In this region of Q, the quantity (f;—1) = 0 
and this implies that the electrons in these molecular orbitals are doing nothing more 
than shielding the nuclei of each atom. They are not contributing to either the net 
bonding or net antibonding, but rather may be classed as net nonbonding as (f;—1) = 0 
implies. The o,1s and o,1s orbitals are truly localized. The force curves illustrate that 
we are justified in labelling them simply as KK in the molecular orbital description of 
a molecule. 

8Equation [7] as written applies to a seutral molecule with all the molecular orbitals doubly occupied. For a 


molecule with two singly occupied molecular orbitals the pertinent measure would then be (f;/2—1/2) for each. 
Fully occupied w orbitals are counted twice. 
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Reference to Fig. 5 shows that the result of making ¢,2p orthogonal to o,2s is to make 
the average contribution from these two orbitals net antibinding for large values of 
Q. However, making o,2s orthogonal to 0,2 results in a net binding force from these 
orbitals for large values of Q. That is, when orthogonalization is taken into account, 
the “‘bonding”’ orbitals become net antibonding and the ‘“‘antibonding”’ orbitals become 
net bonding above some value of Q. 

In general, the f; curves illustrate that for any value of Q, the process of orthogonaliza- 
tion reduces both the bonding properties of ‘‘bonding’’ orbitals and the antibonding 
properties of ‘‘antibonding”’ orbitals. Mulliken (9), from qualitative considerations of 
overlap integrals, has stated that the effect of forced hybridization ‘‘is to weaken very 
considerably the bonding power of bonding molecular orbitals but to strengthen markedly 
the antibonding power of antibonding molecular orbitals’. We therefore disagree with 
Mulliken’s predictions regarding the effects of forced hybridization on the antibonding 
orbitals. 

The effect of orthogonalization on the forces and the f; curves is again easier to see 
than is the effect it has on the energies. If the molecular orbital 2 is to be made orthog- 
onal to another molecular orbital o; of the same symmetry, the resulting electron 
density is 


= [o2? +.S122o 1? —2Si20102]/(1 — $12’) 


where Sj. = fosoidr. The amount of density subtracted, 2S,:.0102, from the original 
density o? is greater than the amount added, Sj2’0;", since Siz is less than unity. The 
orthogonalization diminishes the electron density and hence reduces the force. If.o, and 
o2 are of u symmetry, i.e., antibonding combinations, the correction S,2.0,02 is itself 
negative in sign and both corrections to o2 are positive. Thus the effect of ‘‘forced hybridi- 
zation’”’ on an antibonding orbital is to increase the electron density and hence the 
value of the force. Furthermore, an estimate of the exact extent of the effect of forced 
hybridization can readily be made by the use of f; curves.® 

The N:2 molecule possesses the strongest bond of all the homonuclear diatomic mole- 
cules formed from the elements of the first row of the periodic table. The dissociation 
energy of the O2 molecule is 5.080 ev, as compared to 9.756 ev for No. It is a simple 
matter to account for this decrease in bond strength. The extra pair of electrons that is 
possessed by the O2 molecule is placed in the x, orbital. This orbital is net antibinding 
for all values of @. The added pair of electrons on passing from nitrogen to oxygen does 
not yield a force large enough to overcome the added nuclear repulsion. The term 
(fx, —1) thus detracts from the total force F,, at any value of Q, and will cause F,, to 
equal zero at a value of Q larger than that found for Ne, corresponding to a weaker 
and a longer bond. As the fluorine molecule has four a, electrons, the net antibinding 
contribution to F,; is still greater for all values of Q, and thus one would predict an 
even larger value for R, and a still smaller value for the dissociation energy in this case. 

Proceeding in the other direction from Ne, the C2 molecule should have a smaller 
dissociation energy than Ne simply because it has one electron less in the x, and o,2p 
orbitals, both of which are net bonding when integrated over a large enough range of Q. 
Thus carbon, in effect, obtains only 3/4 and 1/2 respectively of the net binding forces 
as does Ne from these two orbitals, making F,, for C2 less than that for Ne at any 
value of Q. 


®*The effects of general (as opposed to forced) hybridization on bond strengths as determined by an analysis 
of the associated force curves will form the subject of a forthcoming publication. 
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This explanation of the variation in the bond strengths of the diatomic molecules in 
terms of the forces involved is essentially the same as that obtained from the usual 
interpretations if one replaces the terms ‘‘bonding” and ‘“‘antibonding’”’ with the terms 
net bonding and net antibonding. The present discussion is necessarily less speculative 
than former ones because of the analytical definitions which may be obtained from the 
f, curves for the terms net bonding and net antibonding. This is preferable to qualitative 
discussions based entirely on bonding abilities which were inferred from the forms of 
the molecular orbitals. 

In addition to this we summarize the other advantages of the present approach: the 
simple electrostatic interpretation of the chemical bond, in terms of two easily under- 
standable force integrals, one giving the effect of the nuclear penetration into the neigh- 
boring atomic charge cloud, and the other relating the magnitude of the forces to the 
extent of overlap, or to the amount of charge which is transferred in the formation of 
a molecule. An analytical definition of binding and antibinding, and the ease with which 
any molecular orbital may be so classified by the assignment of a single parameter. The 
clarification of the terms bonding and antibonding, together with the definition of net 
antibonding and net bonding. That the previous concept of bonding and antibonding 
actually fit in more closely with these later definitions, and that in most instances, the 
electrons are not distributed in such a way as to give an antibinding force, nor do they 
exert an antibonding effect on the energy of a molecule when they are placed in an 
orbital which by symmetry is usually classed as antibonding. The possibility of expressing 
the resultant forces in terms of the individual f; functions, which may be plotted as a 
function of Q only, allows one to see clearly for the first time the total effect of ortho- 
gonalization or forced hybridization within a set of orbitals, and what effect this has 
on their bonding abilities. 
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C is Euler’s constant and E;*(x) is the exponential integral, defined by 
E,*(x) = —E,(—x) = f.°(e-'/t)dt. 


Dz, the electric field due to a unit change on nucleus a, is (cos 9,)/7,2) in atomic units. 





THE SULPHURIC ACID SOLVENT SYSTEM 
PART Il. CONDUCTIVITY MEASUREMENTS ON SOLUTIONS OF SOME ACIDS! 


J. Barr, R. J. GILLESPIE, AND E. A. ROBINSON 


ABSTRACT 

Conductivity measurements have been made on solutions of the following substances in 
sulphuric acid: HCIQO,, HSO,F, HSO;Cl, HPO-F>2, HAs(HSO,),, CH;SO3H, and CF;CO:H. 
Of these substances HSO;F, HSO;Cl, HAs(HSO,),, and probably HCIO,, behave as acids, 
CF;CO:H isa non-electrolyte, and HPO2F2, and probably CH;SO3H, are bases of the sulphuric 
acid system. Acid dissociation constants for HSO;F, HSO;Cl, and HAs(HSO,), have been 
determined by comparing the conductivities of their solutions with those of H2S,0;, whose 
dissociation constant is known from other measurements, and also by conductimetric titration 
with a strong base, e.g. KHSO,. These acids of the sulphuric acid system decrease in strength 
in the ordér HSOsF > HAs(HSO,), > HSO;Cl > HCIO,. 


INTRODUCTION 
Very few substances are known that have a sufficiently great proton-donating ability 
to protonate sulphuric acid i.e., to ionize according to the equation 
HA + H.SO, = H;SO,* + A- (1) 


thereby behaving as acids of the sulphuric acid solvent system. It has been shown by 
cryoscopic measurements (1, 2) that disulphuric acid is partially ionized according to 
the equation 


H.S.0; - H.SO, = H,;SO,* + HS,0;- 


with a dissociation constant K, = [H;SO,*+] [HS,0O,;-]/[H:S.O;] = 0.014 mole kg— over 
the range 10—-25° C (2, 3). It was deduced from cryoscopic measurements (4) that tetra- 
(hydrogen sulphato)boric acid, HB(HSQ,)4, is a rather strong acid ionizing according 
to the equation 


HB(HSO,),4 + H.SO, = H;SO,* on B(HSO,)4-. [3] 


By conductimetric titration with strong bases a value of K, = 0.3 mole kg—! was deduced 
(5). From the results of conductimetric and cryoscopic measurements on solutions of 
lead tetraacetate in sulphuric acid (6), it has been concluded that the Pb(HSQ,),?- ion 
is formed and that it undergoes considerable solvolysis, indicating that the corresponding 
acid, H2Pb(HSOx,)¢, is rather weak, but solutions of the acid itself have not been investi- 
gated. Cryoscopic measurements on solutions of ammonium and nitronium perchlorates 
showed that they undergo essentially complete solvolysis and it was therefore concluded 
that perchloric acid is an exceedingly weak acid of the sulphuric acid system (7). 

The present measurements were undertaken to extend our knowledge of acids of the 
sulphuric acid system by finding additional examples of acid behavior and by obtaining 
quantitative data on acid dissociation constants. The relative strengths of these extremely 
strong proton donors are of some theoretical interest; no information can be obtained 
from measurements on aqueous solutions since some of these acids are hydrolyzed by 
water and all of them would be so extensively ionized that it would not be possible to 
differentiate among their strengths. 


‘Manuscript received February 14, 1961. 
Contribution from the Department of Chemistry, McMaster University, Hamilton, Ontario. 
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EXPERIMENTAL 


The apparatus and general procedure for making the electrical conductivity measure- 
ments has been described elsewhere (8). The conductimetric titrations were carried out 
as previously described (5). The composition of the sulphuric acid solvent was adjusted 
until it had the conductivity corresponding to the composition 100% H2SO, (x = 0.010439 
ohm~' cm") (8). Fluorosulphuric acid was redistilled twice in a closed system from 
which all moisture was rigorously excluded and had b.p. 161°. Chlorosulphuric and 
trifluoroacetic acids were purified by distillation and had boiling points 152° and 72° 
respectively. Perchloric acid was distilled under reduced pressure from a mixture of one 
part of 70% aqueous perchloric acid and four parts of 20% oleum and condensed in a 
trap at liquid-air temperature (9). Difluorophosphoric acid was a sample kindly provided 
by Dr. W. E. White of the Ozark Mahoning Company, Tulsa, Oklahoma. It was twice 
redistilled and had b.p. 44-46° at approximately 15 mm. The fluorine n.m.r. spectrum 
showed that there was no appreciable concentration of any other fluorine-containing 
compound (10). Solutions of tetra(hydrogen sulphato)arsenious acid HAs(HSO,),4 were 
prepared by dissolving arsenious oxide in an oleum (11), whose composition was known 
from its conductivity (12), in accordance with the equation: 


As20; + 3H2S:07 + 2H2SO, = 2HAs(HSO,),. [4] 
RESULTS 


‘The results of the conductivity measurements, which were made at 25°, are given in 
Table I and Fig. 1. Interpolated values from a previous publication (12) are included 
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Fic. 1. Conductivities of solutions of acids. 


for HB(HSO,), and a new value for its dissociation constant is calculated from these 
results. In the conductimetric titrations, solutions of the acids HSO;F, HSO;Cl, and 
HAs(HSO,),4 were titrated with the strong bases KHSO, or NaHSO,, and disulphuric 
acid was titrated with the base HPO.F», and in each case the composition of the solution 
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TABLE I 
Conductivities of solutions in sulphuric acid 








Molality kK || Molality k || Molality « 

(mole kg~!) (10-?ohm='cm™) || (mole kg“) (107 ohm™ cm™) | (mole kg“) (107? ohm cm) 

HSO,Cl | HClO, | 1755 0.986 

.087 0172 \| .2194 0.973 

137 0966 .0353 1.034 

175 1878 . 1025 1.012 

208 2902 . 1574 0.994 

. 237 3704 .2761 0.977 

. 257 5034 . 2934 0.950 
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*1.028 molal HPO:F: + 0.0451 molal KHSO,. 


having a minimum conductivity was determined (5). This composition is conveniently 
expressed in terms of the ratio, fmn = p/mMua, Of the moles of base mg that have to 
be added to mg, moles of the acid to obtain the conductivity minimum. The results of 
the conductimetric titrations are given in Table II and Fig. 2. 


TABLE II 
Conductimetric titrations 








Acid Base a Tmin 





HSO;Cl ' 0.065 9xX10-* 
HSO;F NaHSO, : 0.14 2.21073 
HAs(HSO,).« KHSO, ; 0.085 L.IKI0* 
HAs(HSO,). ° 0.085 1.1X10-* 


Kp 
H,2S;07 . 1.40 1.1X107 
H.S;0;7 . 1.50 1.0X10- 
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Fic. 2. Conductimetric titrations. 
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DISCUSSION 


The H;SO,* and HSO, ions conduct almost exclusively by a proton-transfer mechanism 
and they have much larger mobilities than.all other ions which conduct by the ordinary 
diffusion process (13). Thus the conductivities of solutions of acids and bases in sulphuric 
acid can to a reasonable approximation be assumed to be due only to H;SO,* in solutions 
of acids and only to HSO,- in solutions of bases. The conductivity of a solution of an 
acid is therefore determined almost entirely by the concentration of H;SO,* and is a 
measure of its extent of ionization according to equation [1]. Thus it is immediately 
apparent from the conductivities of the acids shown in Fig. 1 that they decrease in 
strength in the order HB(HSO,), > H2S,O7 > HSO,F > HAs(HSO,), > HSO;Cl > HC1Ox,. 


The Acids HSO;F, HSO;Cl, HAs(HSO.s)s, and HB(HSO4)s 
That the electrolytes HSO;F, HSO;Cl, and HAs(HSOQ,), are acids of the sulphuric 
acid system is shown by the fact that the conductivities of their solutions are decreased 
by the addition of a base such as NaHSQ, (Fig. 2) because of the neutralization reaction 
H;SO,* + HSO,- = 2H2SO, [5] 
and the consequent diminution in the concentration of the highly conducting H;SO,* ion. 
Addition of sufficient base causes the conductivity to pass through a minimum and then 
increase and the value of rmin is related to the dissociation constants of the acid and the 
base, K, and Ky respectively, by the expression 


[6] Tmn = (1+0.018/K,).(1+0.013/K,)'+0.0007 /a 


where a is the initial stoichiometric concentration of the acid (5). For a strong base such 
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as NaHSOQ, this simplifies to 
[7] Tmn = (1+0.013/K,)—+0.0007 /a. 


Values of the dissociation constants of HSO;F, HSO;Cl, and HAs(HSQ,),4 calculated 
from this expression are given in Table II. 

Since the dissociation constant of disulphuric acid is known from cryoscopic measure- 
ments, values for the dissociation constants of acids can also be obtained by comparing 
the conductivities of their solutions with those of H2S.O; solutions. The method is similar 
to that used previously to determine the strengths of weak bases by comparison of the 
conductivities of their solutions with those of the strong base KHSQ, (14). Assuming 
that the conductivity of a solution of any acid HA is determined only by the concen- 
tration of H;SO,+ the concentration of this ion must be the same in solutions of any 
acids having the same conductivity. The concentration of H;SO,* in any solution of H2S,0; 
can be calculated from its known dissociation constant and the equilibrium constants 
for the self-dissociation reactions of the solvent. Concentrations of H;SO,* at round 
values of the stoichiometric concentration of H:S,0; taken from a previous publication 
(12) are given in column 3 of Table III. The stoichiometric concentrations [HA]* of 


TABLE III 
Dissociation constants from conductivities 








[H2S:0;] (HA]* ({H3SO,*] [Av] [HA] 


HSO;Cl 
0.020 0.208 0.0189 0.0116 0.196 
0.030 0.350 0.0213 0.0159 0.334 
0.040 0.550 0.0236 0.0195 0.530 
0.050 0.900 0.0256 0.0229 0.877 





eerr 
Conoore 
x 
_ 
o 
x 


0.102 0.0189 0.0116 0.090 
0.167 0.0213 0.0159 0.151 
0.232 0.0236 0.0195 0.212 
0.306 0.0256 0.0229 0.283 
0.375 0.0277 0.0288 0.346 


2.3X10™ 


to bo to bt bo 


HAs(HSO,).« 
0.020 : 0.0116 0.1014 
0.030 : , 0.0159 0.1791 
0.040 . 0.0195 0.2005 
0.050 : 0.0229 0.3331 


HB(HSO,)4 
0.050 ‘ ‘ 0.0229 
0.100 R j 0.0360 
0.150 : : 0.0459 
y .076 . 0.0541 
: : 0.0615 
‘ ; d 0.0679 
0.350 ; , 0.0737 
0.400 ; 0.0792 


1.9X10 


— DO 





ooosooss 








[KHSO,] {HSO.] {[H2PO2F 2*] 





0.023 
0.036 
0.046 
0.057 
0.067 
0.077 
0.087 
0.097 


rd 
on 


0.023 
0.036 
0.046 
0.057 
0.067 
0.077 
0.087 
0.097 


wonre oO 
See5 


1.0X10-% 


B 


— 


sesossocs 
Be 


eosssoss 
= SSEt 
a 
SSRS28 
eee OOCCSO 
NNrFOCowoeCeSe 


Be 











BARR ET AL.: H:SO4 SOLVENT SYSTEM 1271 


the acids HSO;F, HSO;Cl, HAs(HSO,)4, and HB(HSO,)s, having the same conductivities 
as solutions of these concentrations of H2S,0;, were obtained from the plots shown in 
Fig. 1 and are given in column 2 of Table III. The concentrations of H;SO,* in solutions 
of these acids are then as given in column 3. The concentrations of A~ are not exactly 
equal to the concentrations of H;SO,* because of the self-dissociation equilibria of the 
solvent but the concentrations of A~ corresponding to given concentrations of H;SO,+ 
have been previously calculated (Table 2 of ref. 13). By interpolating from these values 
the concentrations of A~ given in column 4 of Table III were obtained. From the relation- 
ship 


(8] {HA]* = [HA] + [A-] 
the corresponding concentrations of unionized acid [HA] were obtained (column 5) and 


finally the acid dissociation constants given in the last column were calculated from the 
expression 


[9] K, = [H3SO,*] [A~]/[HA]. 


In general the values of the dissociation constants determined by the two methods 
are in reasonable agreement considering the approximations involved in both methods. 
Table IV lists all the known acids of the sulphuric acid system and gives mean values 
for their dissociation constants. 


TABLE IV 
Dissociation constants of acids at 25° C 








Pe Ref. 

HB(HSO,), 2x10"! *,5 
H.2S;0 1 etc. Moderately 

strong 
H2S20; . 14X10 
H2Pb(HSO,)« 1.1107 
HSO;F 2.3103 
HPb(HSO,) «~ 1.8X 107% 
HAs(HSO,), 1.5X10- 
HSO;Cl 9X10- 
HCIO, Very weak 
H.SO, 2.4X10- 





~ 
to 


~ 


> #£ HED EO 





| 
| 


*This paper. 
tKa(H:SOu) = Kap/10.2. 


Trifluoroacetic Acid 

This substance causes a slight decrease in the conductivity of sulphuric acid. A similar 
behavior has been observed previously for trichloroacetic acid and sulphuryl chloride 
(15) and for a number of polynitroaromatic compounds (14). It was concluded that 
these substances are non-electrolytes. The decrease in conductivity was attributed to a 
decrease in the concentration of the conducting ions H;SO,*+ and HSO,-, resulting partly 
from dilution by the solute and partly from a decrease in the extent of autoprotolysis 
and to a decrease in the mobilities of these ions resulting from interference with the 
proton-transfer mechanism of conduction by the non-electrolyte (14, 15). We conclude 


that trifluoroacetic acid is a non-electrolyte like trichloroacetic acid and sulphuryl 
chloride. 


Perchloric Acid and Methanesulphonic Acid 
These substances cause an almost negligible change in the conductivity of sulphuric 
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acid. This could be due either to their being non-electrolytes which, in contrast to other 
non-electrolytes, do not affect the conductivity of the solvent, or, more probably, to 
their being just sufficiently ionized to compensate for a decrease in conductivity caused 
by their non-ionized portions. 

Since perchloric acid is more extensively ionized than sulphuric acid in solution in 
acetic acid (16) it seems reasonable to suppose that it behaves as an acid in solution in 
sulphuric acid, although it is evidently very weak. It is obviously not possible to calculate 
a dissociation constant for perchloric acid from the present results. 

In contrast to perchloric acid, however, we suppose that the very slight ionization of 
methanesulphonic acid is as a base rather than as an acid. Benzenesulphonic acid and 
p-toluenesulphonic acid have been found to be weak bases (K, = 0.011 and 0.026 re- 
spectively) (17) and, just as nitromethane (K, = 0.002) is a somewhat weaker base than 
nitrobenzene (K, = 0.01) (14, 18), so methanesulphonic acid might be expected to be 
a weaker base than benzenesulphonic acid but it is not possible, from the present results, 
to obtain a value for its dissociation constant. 


Difluorophosphoric Acid 

The conductivities of difluorophosphoric acid are greater than those of fluorosulphuric 
acid but in contrast to most of the other electrolytes discussed above it behaves as a 
base rather than as an acid, i.e. it is partially ionized according to the equation 


HPO-F.2 H.SO, = H2PO,.F.* + HSO,;-. [10] 


Addition of KHSO, to a solution of HPO;F, increases rather than decreases the con- 
ductivity (Table I) and addition of HPO,.F; to a solution of H:S.O; causes a decrease 
in the conductivity. In fact, disulphuric acid can be titrated conductimetrically with the 
base HPO,F; (Fig. 2) and a value for the basic dissociation constant can be calculated 
from the value of rman by means of equation [6] (Table II). 

Another value for the basic dissociation constant of HPO:F, can be obtained by 
comparing the conductivities of its solutions with those of the strong base KHSQ, (12, 14). 
The concentrations of KHSO, solutions having the same conductivities as those of solu- 
tions of round concentrations of HPO,F2 were obtained from plots of the conductivities 
of the two substances and are given in Table III. The concentrations of HSO,;- in these 
solutions of KHSQ,, which are not equal to the stoichiometric concentration of KHSO, 
because of the HSO,- ions resulting from the self-ionization of the solvent, were obtained 
from a previous paper (Table 3 of ref. 13). The corresponding concentrations of H,PO.F.+ 
were also obtained from this table. Then from the relation 


[H PO,.F,]$§ = [H:PO.F.*] “te [HPO.F;] 


the concentration of unionized HPO,F:2 was obtained and finally a value for the basic 
dissociation constant K, = [H2PO.F.+] [HSO.-]/[HPO.F,] was calculated (Table III). 
The basic strength of difluorophosphoric acid in sulphuric acid (K, = 1.0X10-*) is the 
same as that of nitrobenzene. Phosphoric acid is a strong base in sulphuric acid (11); 
the substitution of two OH groups by more electronegative fluorine atoms has the 
expected effect of decreasing the base strength. 

As difluorophosphoric acid is a base of the sulphuric acid system it is reasonable to 
conclude that its proton-donating power is less than that of either of the isoelectronic 
molecules HSO3F and HCIO,. Thus the intrinsic strengths or proton-donating abilities 
of these acids are in the order HSO;F > HCIO, > HPO,F>. It has been suggested (19, 7) 
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that the strengths of inorganic oxyacids are determined largely by the number of 
equivalent oxygen atoms in the anion over which the negative charge may be spread, the 
strength increasing with the number of equivalent oxygen atoms. According to this 
viewpoint fluorosulphuric, chlorosulphuric, and sulphuric acids are all of the same general 
type, their anions, FSO;-, CISO;-, and HOSO;-, each having three equivalent oxygen 
atoms. All three acids should be weaker than perchloric acid whose anion ClO,~ has four 
equivalent oxygen atoms. On the other hand phosphoric acid and difluorophosphoric 
acid, whose anions, (HO),PO.- and F,PO,-, have only two equivalent oxygen atoms, 
should both be weaker than sulphuric acid. The observed strength of HPO,F» is con- 
sistent with the above ideas but the strengths of HSO;F and HSO;CI are not. It seems 
reasonable to suppose that some of the charge of the anion is also accommodated on the 
halogen atom; if the sharing of the charge between the oxygen atoms and the halogen 
were equal this would put HSO;F and HSO;ClI in the same class as perchloric acid, and 
their strengths would not then be anomalous. A similar sharing of charge would be 
expected in the anion of difluorophosphoric acid which would also put this acid in the 
same class as perchloric acid and it would then be expected to be stronger, rather than 
weaker, than sulphuric acid. It should be noted, though, that we have been comparing 
the acid strength of dilute solutions of various acids with that of sulphuric acid in bulk. 
The acid strength of sulphuric acid in bulk may, because of co-operative hydrogen- 
bonding effects, be considerably greater than that of sulphuric acid in dilute solution. 
Thus the observed strength of difluorophosphoric acid may not, after all, be anomalous. 
It would be interesting to compare the extents of -dissociation of sulphuric acid and 
difluorophosphoric acid in dilute solution in some more basic solvent such as acetic acid. 
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STEROIDS 


Il. THE STEREOCHEMISTRY OF THE ADDITION OF 
GRIGNARD REAGENTS TO 12-KETOSTEROIDS! 


R. NAGARAJAN AND GEORGE JUST 


ABSTRACT 


The action of methyl magnesium iodide on 3a,20a-diacetoxypregnan-12-one (IIa) led to the 
formation of the epimeric 12-methyl-12-hydroxypregnanes III and V, in which the 12a- 
revi saesnay free isomer III predominated. 

Infrared measurements on the corresponding 12-hydroxy-12-methylpregnane-3,20-diones 
VI and IV permitted unambiguous assignment of configuration at Cio. 

The pregnanedione IV was transformed to 128-hydroxy-12a-methylprogesterone. 


In the first paper of this series (1) we described the conversion of pregnane-3a,12a,208- 
triol to 12a-hydroxy-128-methylprogesterone. We should now like to report on the 
conversion of pregnane-3a,12a,20a-triol (I) to the epimeric 12-hydroxy-12-methyl-3,20- 
pregnanediones IV and VI and on the conversion of the former to 128-hydroxy-12a- 
methylprogesterone (VII). 

Partial succinylation (1) of pregnane-3a,12a,20e-triol (1) with succinic anhydride in 
pyridine, followed by methylation of the hemisuccinate with ethereal diazomethane, 
afforded a 91% yield of pregnane-3a,12a,20e-triol 3,20-bis-methyl succinate (Ia). Oxida- 
tion of Ia with chromium trioxide in acetic acid gave the corresponding 12-ketone II6. 
Our experience in the 208-hydroxy series (1) indicated that the reaction of methyl mag- 
nesium iodide on pregnan-12-ones proceeded in better yield in the presence of a 20-acetate 
group rather than a 20-succinate function. Hence, the disuccinoxy ketone IIb was hydro- 
lyzed with methanolic potassium hydroxide to 3a,20a-dihydroxypregnan-12-one (II) 
and the latter acetylated with acetic anhydride in pyridine. The resulting diacetoxy 
ketone Ila was treated with an excess of ethereal methyl magnesium iodide for 20 hours. 
Acetylation, chromatography, alkaline hydrolysis, and repeated crystallizations gave 
the epimeric 12-methylpregnane-3a,12,20a-triols III and V. The mono-, di-, and tri- 
acetates I]la—c and Va were prepared and interrelated (see Experimental). Since the 
separation of the epimeric triols III and V by crystallization was tedious and incomplete, 
the mother liquors of the crystallization of the Grignard product containing the epimeric 
triols III and V were oxidized with chromic oxide in acetic acid. Chromatography on 
alumina of the oxidation product afforded 128-methyl-12a-hydroxypregnane-3,20-dione 
(VI) and its 12a-methyl isomer IV. The total yield of the Grignard adducts III (VI) and 
V (IV) was 60.5% and 25.0% respectively. The hydroxy ketone VI was identical with 
the 1286-methyl-12e-hydroxypregnane-3,20-dione, isolated previously in the 208-series 
(1) in 73% yield as the only product of the corresponding Grignard reaction. The infrared 
spectrum of this hydroxy diketone showed bands at 3680 cm (free OH) and 1713 cm™ 
(3,20-dione).? 

1 Manuscript received January 6, 1961. 

Contribution from the Department of Chemistry, McGill University, Montreal, Que. Some of the results 
described in this paper were presented at the October 1960 meeting of ACFAS in Quebec. This paper forms a 


part of the Ph.D. thesis of R. Nagarajan, to be presented to the Faculty of Graduate Studies, McGill University. 
*The infrared spectra were taken in carbon tetrachloride solutions. 


Can. J. Chem. Vol. 39 (1961) 





la R = CO(CH:2)2COOCH; 


R, =H 


IV RH 
IVa R=Br 


| CH; 


Aer 
| » 


Pe be, 


oN, 
Vil 


NAGARAJAN AND JUST: STEROIDS 


FLOWSHEET I 


Il R=H 
Ila R = COCH; 
IIb R = CO(CH2)sCOOCH; 


V R=H 
Va R =COCH; 


CH.OR OH 4d 
"i lV 
pe 
a 
oes 


Vill R=H 
Villa R = Ts 








CH; 


H—¢_oR 
=O 


chs 


lil R=Ri=H 

Illa R= R, = COCH; 
IIIb R = COCH;, Ri =H 
Ile R= H, R, = COCH; 


VI R=H 
Via R = COCH; 











1276 CANADIAN JOURNAL OF CHEMISTRY. VOL. 39, 1961 


The epimeric 12a-methyl-128-hydroxypregnane-3,20-dione (IV), obtained as a minor 
product, absorbed in the infrared at 3450 cm (LiF prism; change in concentration did 
not shift the frequency of absorption; intramolecularly bonded OH); 1716 cm— (3-ketone), 


| 
and 1695 cm (Cw=0 - ++ + H—O—C,,—).? Inspection of models indicated that 
| 


only a 128-hydroxy function would form an internal hydrogen bond to the 20-carbonyl 
group (minimal distance: 2 A).3 

These data made possible an unambiguous assignment of configuration for the epimeric 
tertiary alcohols IV and VI and proved that the attack of methyl magnesium iodide on 
pregnan-12-ones proceeded mainly from the 8-side of the steroid molecule, contrary, 
in this case, to the well-known “rule of rear-attack”’ in steroids (3, 4). The validity of 
the assignment of configuration at the 12-position was confirmed as follows: The tertiary 
alcohol VI on treatment with acetic acid, acetic anhydride, and p-toluenesulphonic acid 
(5) gave the acetate VIa, m.p. 175-176° (also obtained by partial hydrolysis of the 
triacetate IIIa to the monoacetate IIIc followed by oxidation) and a product, m.p. 72-73°. 
Further crystallizations gave a compound, m.p. 100—-101°, which was assigned the 12- 
methylene structure IX, since it showed characteristic bands at 3080 cm=', 1645 cm-', 
and 885 cm-!. The infrared spectrum of the product, m.p. 72-73°, was virtually identical 
with that of the compound melting at 100°, so that it must have consisted mainly of 
olefin IX, probably contaminated with olefin XI (compare 8). Treatment of the olefinic 
product m.p. 72-73° with osmium tetroxide gave predominantly the diol VIII containing 
probably traces of the diol X, which on tosylation gave the tosylate VII Ia with probably 
a minor amount of the tosylate Xa. Lithium aluminum hydride reduction of the tosylates, 
followed by chromium trioxide oxidation, gave the hydroxy ketone VI, identified by 
melting point, mixed melting point, and superimposability of the infrared spectra. Since 
nucleophilic attack by a Grignard reagent on a 12-ketone, and electrophilic addition of 
OsO, on a 12-methylene pregnane gave rise to products of identical configuration at Cy, 
it must be concluded that the nucleophilic and electrophilic reagents add from opposite 
sides of the steroid molecule. It is suggested that this conclusion, at least as far as it 
concerns nucleophiles of the Grignard type, applies to all steroidal 12-ketones (A) and 
17a-ketones (E) where the steric environments are very similar. 

Indeed, Ruzicka et al. (6) described some time ago the conversion of A®-38-acetoxy- 
17a-D-homoandrosterone (E) to A®-17a8-methyl-38-17aa-D-homoandrostenediol (F) by 
the action of methyl magnesium bromide. In order to prove the stereochemistry of the 
Grignard adduct F, it was dehydrated to the olefin G, which was treated with perbenzoic 
acid. The epoxide H was then reduced with lithium aluminum hydride and gave the 
original Grignard product F. This meant that attack by the Grignard reagent and the 
peracid must have proceeded from opposite sides of the steroid molecule. Since the 
Grignard adduct (F) was biologically inactive, and since its 17a-epimer was expected 
to show androgenic activity, Ruzicka and co-workers assumed that methyl magnesium 
bromide attacked the carbonyl] function from the 8-side, and that perbenzoic acid attacked 
the double bond from the a-side. 

Recently, Bladon and Mc Meekin (7) submitted the tetrahydropyranylether of hecogenin 


3Wall and Serota (2) have recently reported two instances of an intramolecular hydrogen bond between a 
128-hydroxy group and a 20-carbonyl function in 38-acetoxy-128-hydroxy-12a-methoxy, 5a,16-pregnen-20-one, 
and 38-acetoxy-128-hydroxy-12a-methoxy-5,16-pregnandiene-20-one. 
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(A) to the action of methyl lithium. They assigned a 12a-methyl-128-hydroxy configu- 
ration (B) to the tertiary alcohol obtained in the reaction. Dehydration (C), epoxidation 
(D), and reduction with lithium aluminum hydride led to the original tertiary alcohol B. 
Since it is extremely unlikely that both the nucleophilic and electrophilic additions on 
hecogenin derivatives should proceed differently from the corresponding addition re- 
actions in the pregnane series, and since Bladon and McMeekin’s assignment were 


arbitrary, we suggest that they be reversed. 

Levine and Wall (8) have also recently reported the reaction of hecogenin acetate 
(A) with methyl magnesium bromide, which led to ‘“‘128-hydroxy-12a-methyltigogenin’”’ 
(B). Their proof of configuration rested on a reaction sequence identical with that out- 
lined on Flowsheet I (VI — IX — VIII, VIIIa — VI). In contrast to the results obtained 
by Bladon and McMeekin (7), Ruzicka et al. (6), and ourselves, the two products obtained 
by Grignard reaction and osmium tetroxide addition were not identical, but epimeric.‘ 

The experiments described lead to the conclusion that in most cases different factors 
govern the stereochemistry of additions of reagents which form complexes, such as 
Grignard reagents, and of electrophiles. This statement is corroborated by experiments 
involving reduction of steroidal 12-ketones with lithium aluminum hydride in which a 
50% yield of 12a-hydroxy compound is obtained (8-attack, 9). 

Bromination at the 4-position of 12a-methyl-126-hydroxy-3,20-pregnandione IV 
afforded the bromoketone IVa, which was transformed to 12a-methyl-128-hydroxy- 
progesterone VII by the method of McGuckin and Kendall (10). This progesterone 
analogue did not exhibit any notable progestational, androgenic, diuretic, hypotensive, 
or anabolic properties.® 


‘Melting point, mixed melting point, and optical rotation of the two ‘‘epimers’’ of Levine and Wall (8) seem 
to indicate that their products are not epimeric. However, unpublished N.M.R. data (private communication by 
Dr. S. Levine) show that the two compounds are distinctly different. A clarification of the conflicting results 
of Levine and Wall (8) and Bladon and McMeekin (7) will probably only be achieved by further experimental 


work, 


aor tests were carried out by Dr. C. I. Chappel and Dr. Clara Revesz, Ayerst, McKenna and Harrison, 
Montreal. 
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EXPERIMENTAL:® ?: &: 9: 10 
3a,12a,20a-Pregnanetriol 3,20-bis-Methyl Succinate (Ia) 

A solution of the triol I (7.0 g) and succinic anhydride (12.0 g) in absolute pyridine 
(40 ml) was heated on a water bath at 90° for 4 hours, and left overnight at room tem- 
perature. To the reaction mixture was added 1 liter of ice water and it was extracted with 
ether after 1 hour. The ethereal layer was washed with water, cold 2 N hydrochloric 
acid, and water. The organic solution was dried over magnesium sulphate, filtered, and 
treated with excess ethereal diazomethane solution. Crystallization from acetone—hexane 
afforded 10.10 g of the bis-methyl succinate Ia, m.p. 109—110°. Repeated crystallizations 
of the mother liquors from acetone-hexane gave 0.571 g of Ia, m.p. 109-110° (yield 
90.8%). Recrystallization did not raise the melting point, [a]p” 43° (¢ 1.02 in CHCI,). 

Calc. for C313H4s0 9: C 65.92, H 8.57. Found: C 66.09, H 8.41. 


3a,20a-Dihydroxypregnan-12-one bis- Methyl Succinate (IIb) 

A solution of chromium trioxide (1.19 g) in 90% acetic acid (12 ml) was added to a 
solution of the bis-methyl succinate Ia (6.088 g) in glacial acetic acid (210 ml) and left 
overnight at room temperature. Methanol (5 ml) was added to the reaction mixture, 
which was then poured into 2 liters of water and extracted with ether. The ethereal layer 
was washed with 5% sodium bicarbonate solution and water until the washings were 
neutral. Evaporation of the solvent afforded 6.071 g of the crude keto bis-methyl succinate 
IIb, m.p. 65-66°. . 

Two crystallizations from ether—hexane raised the melting point of the keto bis-methyl 
succinate I1b to 65.5-66.5°, [a]p?® 87° (c 0.84 in CHCl). 

Calc. for Ca,H 40: C 66.16, H 8.24. Found: C 65.94, H 8.04. 


8a,20a-Dihydroxypregnan-12-one (II) 

A solution of the keto bis-methyl succinate I1b (6.004 g, crude product obtained from 
the above reaction) in 5% methanolic potassium hydroxide (500 ml) was heated under 
reflux for 4 hours. The methanol was removed by distillation until the volume of the 
reaction mixture was about 150 ml. After cooling, it was poured into 1 liter of water with 
stirring. The hydroxy ketone II, which separated out, was filtered, washed with water, 
and dried (3.49 g, m.p. 260—-261°). The filtrate was extracted with ether and the ethereal 
solution was washed with saturated sodium chloride solution. Evaporation of the solvent 
afforded 0.077 g of II, m.p. 250—260°. 

The hydroxy ketone was recrystallized twice from methanol for analysis, m.p. 260—261°, 
[a}lp?? 120° (¢ 0.56 in CHCI;). (A few drops of C2H;OH was added to bring the hydroxy 
ketone II into solution.) 

Calc. for Co;H3403: C 75.41, H 10.24. Found: C 75.70, H 10.14. 


3a,20a-Diacetoxypregnan-12-one (IIa) 

Absolute pyridine (30 ml) and acetic anhydride (25 ml) were added to 3.40 g of the 
hydroxy ketone II and the mixture heated under reflux for 10 minutes until the crystals 
dissolved. The reaction mixture was left overnight in a water bath at 90°. Ether extraction 
gave 4.243 g of the crude ketone Ila, m.p. 210—-212°. Crystallization from acetone—hexane 


SAll the melting points were corrected. 

7Only the best yields were reported. 

8Unless otherwise stated, the infrared spectra were taken in carbon tetrachloride solution using a 1-mm sodium 
chloride cell. 

°The commercially available aluminum oxide (Woelm) was used for chromatography. 

10The microanalyses were carried out by Dr. Alfred Bernhardt, Miilheim, Germany and Dr. C. Daesslé, 
5757 Decelles St., Montreal. 
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afforded 4.082 g of crystals, m.p. 211—212°, Crystallization of mother liquors gave 0.127 g, 
m.p. 211-212°. The over-all yield for the reaction sequence Ia — IIb — II — Ila was 
99%. 

Two recrystallizations of the ketone IIa from acetone—hexane raised the melting point 
to 212-212.5°, [a]p” 103° (¢ 1.25 in CHCI;). 

Calc. for CosH3s05: C 71.73, H 9.15. Found: C 71.54, H 8.97. 


Reaction of Methyl Magnesium Iodide with 3a,20a-Diacetoxypregnan-12-one (IIa) 

To 300 ml of an ethereal solution of methyl magnesium iodide (from 4.984 g of mag- 
nesium and 13.0 ml of methyl iodide) was added with stirring 10.68 g of the ketone IIa, 
dissolved in 2 liters of absolute ether. The reaction mixture was heated under reflux for 
16 hours and cooled, and a solution of ammonium chloride (50 g) in water (1 liter) was 
added. Ether extraction afforded 10.28 g of a product, m.p. 194—202°, which was acety- 
lated with 65 ml of pyridine and 55 ml of acetic anhydride at 90° for 14 hours. The usual 
extraction procedure afforded 12.25 g of foam, which was chromatographed on alumina 
(4.5% water). The hexane—benzene (3:1) eluates were crystallized from ether—hexane 
and there was obtained 520 mg of the triacetate IIIa, m.p. 171-172°. Recrystallization 
from ether-hexane raised the melting point to 172-173°, [a]p* 90° (¢ 1.11 in CHCl). 

Cale. for CosH 440g: C 70.57, H 9.32. Found: C 70.57, H 9.21. 

The hexane-benzene (1:1) and benzene eluates (4.485 g) on hydrolysis with 5% 
methanolic potassium hydroxide gave 3.587 g of crystals, m.p. 208-216°. Repeated 
crystallization from methanol afforded 3.216 g of triol III, m.p. 240-241°, [a]p* 70° 
(c 0.97 in CHCIs). 

Calc. for Co2H 2503: Cc 75.37, H 10.92. Found: C 75.33, H 10.83. : 

The benzene-ether and ether—methanol eluates (4.273 g) were hydrolyzed with 5% 
methanolic potassium hydroxide and there was obtained 3.604 g of a mixture of epimeric 
triols III and V, m.p. 204—216°. Fractional crystallization from methanol afforded 1.22 g 
of the triol III, m.p. 240—241°, and 1.376 g of the triol V, m.p. 201—203°. Recrystallization 
from acetone did not raise the melting point of the triol V, [a]p” 38° (c 1.07 in CHCI;). 

Calc. for Co2H3s03: C 75.37, H 10.92. Found: C 75.50, H 10.96. 

An ether solution of the mother liquors of the hexane—benzene (3:1) fractions and the 
hexane-benzene (9:1 and 4:1) eluates were deacetylated with lithium aluminum hydride, 
and the triol mixture thus obtained was combined with the mother liquors of crystalli- 
zation of triols III and V. To a solution of the combined triol mixture (3.181 g) in 150 ml 
of glacial acetic acid was added a solution of 2.13 g of chromium trioxide in 25 ml of 90% 
acetic acid and the mixture left for 16 hours at room temperature. Ether extraction gave 
2.85 g of a pale-brown semicrystalline product, which was chromatographed on 80 g of 
alumina (4.5% water). 

The hexane—benzene (4:1) eluates (170 mg), on crystallization from acetone—hexane, 
gave 80 mg of pregnane-3,12,20-trione, m.p. 198—200° (1, 11), identified by mixed melting 
point and comparison of I.R. spectra with an authentic sample. 

Hexane-benzene (3:1, 2:1, 1:1) and benzene eluates (950 mg) were crystallized from 
ether—hexane and there was obtained 741 mg of the hydroxy ketone IV, m.p. 125-126°. 
The mother liquors were combined with the benzene-ether (95:5) fractions and crystal- 
lization from ether—hexane gave 113 mg of IV, m.p. 122—123°. 

A portion of the hydroxy ketone IV was crystallized from ether—hexane for analysis, 
m.p. 125-126°, [a]p% 30° (c 0.90 in oes v°C4 1716 cm (3-ketone), 1695 cm=, and 


max 


3480 cm-! OCi=0 iy « edadaaa 
| 
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Calc. for Co2xH34O3: C 76.25, H 9.89. Found: C 76.16, H 9.90. 

The rest of the benzene-ether and ether—methanol eluates on crystallization from 
acetone-hexane afforded 465 mg of the hydroxy ketone VI, m.p. 187—188°, vSC's 1713 
cm (3,20-dione), 3680 cm (Ci2-hydroxyl), found identical with 128-methyl-12a- 
hydroxypregnane-3,20-dione (1) by mixed melting point and superimposability of I.R. 
spectra, thus confirming our assignment of configuration of the 12-hydroxy-12-methyl 
compound in our previous publication (1). Recrystallization of mother liquors gave 
121 mg of VI, m.p. 184—-186°. 

Taking into consideration the isolation at different stages in the above experiment of 
the triacetate [Ila by chromatography, the triols III and V by crystallizations, and 
the hydroxy ketones VI and IV by chromatography, the over-all yields of 128-methyl- 
pregnane-3a,12a,20e-triol and 12a-methylpregnane-3a,128,20a-triol were 60.5% and 
25.0% respectively. 


128-Methylpregnane-3a,12a,20a-triol 12-Acetate (IIIc) 

A solution of 200 mg of the triacetate IIIa in 25 ml of 5% methanolic potassium 
hydroxide was heated at reflux temperature for 10 hours. Ether extraction gave 194 mg of 
oil. Fractional crystallization from ether—hexane afforded 56 mg of IIIc, m.p. 183—184° 
(yield 34%), and 10 mg of the triol III, m.p. 240-241°. The latter was identified by 
comparison of I.R. spectra and mixed m.p. with an authentic sample of triol III. 

Recrystallization of IIIc with ether—hexane raised the m.p. to 184-185°, [a]p*® 90° 
(c 1.07 in CHCl). 

Cale. for CogH Og: C 73.40, H 10.27. Found: C 73.23, H 10.20. 


128- Methyl-12a-acetoxypregnane-3,20-dione (VIa) 

To a solution of the monoacetate III¢ (165 mg, crude product obtained by alkaline 
hydrolysis of 170 mg of the triacetate IIIa) in 5 ml of acetic acid was added with stirring 
a solution of 112 mg of chromium trioxide in 2.5 ml of 90% acetic acid, and the reaction 
mixture left overnight at room temperature. Ether extraction gave 140 mg of oil, which 
was chromatographed on alumina (4.5% water). The hexane—benzene (1:1) and benzene 
eluates on crystallization from ether—hexane afforded 52 mg of the ketone VIa, m.p. 
175—-176°. Crystallization of mother liquors gave 16 mg, m.p. 174-175° (yield 49.1%). 
Two crystallizations of the ketone VIa from ether—hexane raised the m.p. to 175.5—176°, 
[a]p”? 102° (c 1.04 in CHCl). 

Calc. for Co4H3604: C 74.18, H 9.34. Found: C 74.31, H 9.37. 

The ether—methanol (9:1) fractions on crystallization from acetone—hexane gave 
15 mg of the hydroxy ketone VI, m.p. 187—188°, identified by comparison of I.R. spectra 
and mixed melting point with an authentic sample of VI. 


1 28-Methylpregnane-3a,12a,20a-triol 3,20-Diacetaie (IIIb) 

A solution of 150 mg of the triol III in 5 ml of pyridine and 5 ml of acetic anhydride | 
was left at room temperature for 16 hours. Ether extraction and crystallization from 
ether—hexane afforded 175 mg of the diacetate IIIb, m.p. 188—189°. Recrystallization of 
mother liquors gave 7 mg, m.p. 186—188° (yield 98%). 

Recrystallization for analysis did not raise the melting point, [a]p?* 80° (¢ 0.98 in 
CHCl). 

Calc. for CosH 4205: C 71.86, H 9.74. Found: C 71.69, H 9.67. 


12a-Methylpregnane-3a,128,20a-triol 3,20-Diacetate ( Va) 
Acetylation of 100 mg of the triol V at room temperature as described above gave 
upon crystallization from ether—hexane 117 mg of the diacetate Va, m.p. 189-190° (vield 
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94.4%). (Mixed melting point of the diacetate Va with the diacetate IIIb showed a 
depression in melting point.) Recrystallization for analysis did not raise the melting 
point, [a]p?* 56° (c 0.99 in CHCl). 

Cale. for CogH 4205: C 71.86, H 9.74. Found: C 71.91, H 9.67. 


Chromium Trioxide Oxidation of Triols III and V 

To a solution of 200 mg of the triol III in 5 ml of glacial acetic acid was added with 
stirring 130 mg of chromium trioxide dissolved in 2.5 ml of 90% acetic acid and the 
mixture was left at room temperature for 18 hours. Ether extraction and crystallization 
from acetone—hexane gave 156 mg of the hydroxy ketone VI, m.p. 188-189°. Recrystalli- 
zation of mother liquors afforded 5 mg, m.p. 187—188° (yield 86.5%). The identity of 
the above product was confirmed by the superimposability of I.R. spectra and mixed 
melting point with an authentic sample of VI. 

Chromium trioxide oxidation of 200 mg of the triol V as described above gave 199 mg 
of an oil, which on chromatography on alumina and crystallization from ether—hexane 
afforded 83 mg of needles, m.p. 124—-125°. Recrystallization of mother liquors gave 51 mg, 
m.p. 123-124° (yield 68%). The identity of this compound with the hydroxy ketone IV 
was proved by a comparison of I.R. spectra and mixed melting point. 


12a-Methyl-128-hydroxyprogesterone (VII) 

A solution of bromine (306 mg) in acetic acid (15.2 ml) was added with stirring to a 
solution of the hydroxy ketone IV (600 mg) in acetic acid (5 ml) containing a drop of 
50% (w/v) solution of hydrobromic acid. The reaction mixture was stirred for 5 minutes 
and poured in 250 ml of ice water. The solid which separated out was filtered, dried, 
and on crystallization from ether—hexane afforded 332 mg of the bromoketone IVa, 
melting point 172-173° (decomp.), AZtOF 285 my (e 60), v°S* 1695 cm—', 3480 cm7 

N | 

( Ca=O~-> ae 1735 cm (46-bromo-3-ketone). 


Che filtrate was extracted with ether and combined with the mother liquors of the 
crystallization of the bromoketone IVa. Since recrystallization was tedious and afforded 
only 114 mg of the bromoketone [Va, m.p. 168-169° (decomp.), the second crop and 
the mother liquors (533 mg of oil) were reduced by heating with 550 mg of zinc dust, 
5.5 ml of acetic acid, and 0.5 ml of water at 90° for 1 hour. Ether extraction, chroma- 
tographic purification, and crystallization from ether—hexane gave 276 mg of the hydroxy 
ketone IV, m.p. 124-125°. Taking into consideration the recovery of the hydroxy ketone 
IV, the yield of pure bromoketone [Va was 83.2%. 

The bromoketone [Va (330 mg, m.p. 172-173° decomp.) was dehydrobrominated 
according to the method of McGuckin and Kendall (10). The resulting oil was chroma- 
tographed on alumina (4.5% water). The benzene, benzene-ether, and ether eluates on 
crystallization from ether—hexane afforded 120 mg of the progesterone derivative VII, 
m.p. 142-143°. The mother liquors on crystallization afforded 19 mg of VII, melting point 
139-142° (yield 48.4%). The second crop was recrystallized and added to the first 
batch. Recrystallization gave 126 mg of analytically pure VII, melting point 142—143°, 
[alp” 113° (¢ 1.07 in CHCl3), AEO7 238 my (e 18,600), v°C* 1695 cm and 3480 cm 
. | 


( (CoO - - - -H—O—Ci:—), 1680 cm and 1622 cm— (A‘-3-ketone). 
| 


Calc. for CosH3203: C 76.68, H 9.37. Found: C 76.68, H 9.41. 
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Reaction of 128-Methyl-12a-hydroxypregnane-3,20-dione (VI) with Acetic Acid, Acetic 
Anhydride, and p-Toluenesulphonic Acid 

To a solution of 500 mg of the hydroxy ketone VI in 25 ml of glacial acetic acid was 
added 5 ml of acetic anhydride and 500 mg of p-toluenesulphonic acid (5) and the sus- 
pension was stirred until the solid dissolved. The reaction mixture was left at room 
temperature for 4.5 hours, then poured into 250 ml of ice water and extracted with ether. 
The ethereal solution was washed with 5% sodium carbonate solution and water until 
the washings were neutral, and dried over magnesium sulphate. Evaporation to dryness 
afforded 565 mg of oil, showing bands in the infrared at 3070 cm, 1645 cm, 890 cm 


(C=CH,) (12); 1750 cm, 1215 cm (A"©%-enol acetate) (13); 1713 cm~ (3-ketone). 


Under the above reaction conditions the A@®-enol acetate is known to be formed (14 
and 15). The enol acetate was converted to the Coo-ketone by heating a solution of the 
crude reaction product in 25 ml of methanol with 750 mg of potassium carbonate in 
10 ml of water under reflux for 2 hours. Ether extraction gave 555 mg of product showing 
no bands at 1750 cm and 1215 cm characteristic of enol acetates. It was chroma- 
tographed on alumina (4.5% water) and the hexane and hexane—benzene eluates on 
crystallization from hexane afforded 145 mg of needles, m.p. 72—73°. A portion of it was 
recrystallized from hexane for analysis, m.p. 73-74°, [a]lp” 139° (c-1.03 in CHCl;), vo®& 


3080 cm, 1645 cm7, 885 cm~ (QC=CH,); 1713 cm (3,20-dione). 


Calc. for Co2H 3202: C 80.41, H 9.82. Found: C 80.02, H 9.66. 
Recrystallization of mother liquors gave 45 mg of needles, m.p. 71-73° (yield 40.1%). 
The mother liquors were dissolved in 5 ml of hexane and left in an ice box. After 1 
week, 80 mg of crystalline compound was obtained. Repeated crystallization gave 63 
mg of needles, m.p 100—101° (yield 13.3%). Recrystallization from hexane for analysis 


raised the melting point to 101—102°, [a]p” 130° (c 0.95 in CHCls), vO8: 3080 cm, 1645 
cm, 885 cm (C=CH 2); 1713 cm (3,20-dione). 


Calc. for Co2H3202: C 80.41, H 9.82. Found: C 80.19, H 9.86. 

In view of the close similarity of the infrared spectra of the compounds melting at 
73-74° and 101—102° and the presence only of characteristic bands due to a vinylidene 
group, it was presumed that the compound melting at 73—74° contained, if any, only traces 
of the olefin XI, the major proportion being olefin IX. 

The benzene eluates of the chromatogram on crystallization from acetone—hexane 
afforded 76 mg of VIa, m.p. 175-176° (yield 12.1%). (Also obtained by partial hydrolysis 
of the triacetate IIIa to the monoacetate IIIc, and subsequent oxidation.) 

The later fractions consisted mainly of the starting material VI, as identified by infrared 
spectra. No attempt was made to recover it. 


Conversion of the Olefin IX to 128-Methyl-12a-hydroxypregnane-3,20-dione ( VI) 

To a solution of 175 mg of the crude olefin [X (m.p. 71—73°) in 20 ml of absolute ether 
containing 0.2 ml of pyridine was added 150 mg of osmium tetroxide (1.1 mole equivalent) 
and the reaction mixture was left at room temperature for 2 days (8). It was then heated 
under reflux for 30 minutes with 100 ml of an 80% ethanolic solution of sodium sulphite. 
After cooling, filtering through celite, and ether extraction, 208 mg of an oil was obtained. 

Its infrared spectrum showed no characteristic bands due to a vinylidene group. 
Crystallization from acetone—hexane afforded 36 mg of the crude hydroxylation product 
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VIII (possibly containing traces of X). Two recrystallizations from acetone gave 13 mg 
of fine needles, m.p. 196—-199°, [a]p** 22° (c 0.88 in CHCI;). 

Calc. for Co2H3,4O4: C 72.88, H 9.45. Found: C 72.81, H 9.42. 

The mother liquors (170 mg of oil) were tosylated with 170 mg of p-toluenesulphony! 
chloride and 5 ml of pyridine at room temperature for 18 hours. Ether extraction afforded 
195 mg of oil, which showed absorption bands at 1375 cm, 1193 cm-, and 1190 cm 
in the infrared region, characteristic of tosyl groups (12a). 

A solution of the oil in 20 ml of absolute tetrahydrofuran was heated under reflux for 
16 hours with 200 mg of lithium aluminum hydride. The reduction product was worked 
up in the usual fashion, and there was obtained 155 mg of semicrystalline compound. Its 
infrared spectrum indicated the absence of tosyl groups. 

To a solution of the above product (155 mg) in 5 ml of acetic acid was added with 
stirring a solution of 105 mg of chromium trioxide in 2 ml of 90% acetic acid and the 
mixture was left for 16 hours at room temperature. The reaction mixture was worked up 
in the usual manner, and when the ethereal extract was evaporated to about 5 ml, there 
was obtained 58 mg of plates, m.p. 188-189°. Admixture with an authentic sample of 
126-methyl-12a-hydroxypregnane-3,20-dione (VI) did not depress the melting point and 
the I.R. spectra were also identical. Chromatographic purification and crystallization 
from acetone—hexane of the mother liquors afforded an additional 27 mg of VI, m.p. 
181-186° (yield 56.8%). 
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z-BONDING IN INORGANIC COMPOUNDS 


Ill. A MAGNETOCHEMICAL STUDY OF HEXAHALOOSMATES 
AND HEXACHLORORHENATE ? 


A. D. WESTLAND AND N,. C. BHIWANDKER 


ABSTRACT 


The anomalously small magnetic moments of osmium(IV) and rhenium(IV) in their 
hexahalo complexes are investigated by measurement of the magnetic susceptibilities of the 
mixed crystal systems, K:OsCle6/K2PtCle, K,OsBr¢/K2PtBre, and K.ReCl.6/KePtCl¢. It is 
shown that only at high dilution is the magnetic behavior of the systems that which is 
expected from theory; therefore, extensive superexchange through the overlap of d-orbitals 
on the central atom and orbitals on the ligands takes place in the pure substances and in the 
concentrated systems. Determination of the spin-orbit coupling constant for OsCl,2- provides 
a value in agreement with estimates based on spectra. 


INTRODUCTION 


In Parts I and II of this series, thermochemical aspects and mesomeric effects of 
d,-d, bonding were discussed. The present paper is concerned with r-bonding as mani- 
fested in the magnetic superexchange effect. Admittedly, it has been postulated that in 
this phenomenon the principal overlap is of d,—p, type (1) and if this is so, the bond is 
essentially different from that considered previously. It seems to the present authors, 
however, that in the compounds being considered in this paper, a contribution to the 
superexchange effect may be a secondary result of d,-d, bonding. Apparently, the 
superexchange is possible when the ligands possess orbitals of the appropriate symmetry 
(e.g., te, for octahedral co-ordination and e, for tetrahedral co-ordination) and the central 
ion possesses d-electrons in an insufficient number to fill the d,, or respectively, the d, 
subshell. It is here suggested that unpaired electrons will be subject to ‘“‘superexchange’’, 
i.e. quantum mechanical exchange between neighboring co-ordination groups, providing 
these groups are in sufficient proximity and are suitably oriented. These conditions are 
met by alkali hexahalo salts of rhenium (IV) and iridium (IV), for example. 

Superexchange has been detected in KeIrCls and (NH4,4)eIrCle by means of para- 
magnetic resonance spectra (2, 3). We shall proceed to show that superexchange and 
hence r-bonding does indeed occur in K,OsCle, K2,OsBre, and K.ReCl¢ as well. 


A. Potassium Hexachloroosmate and Hexabromoosmate 

Osmium(IV) compounds are of “‘low-spin’’ type in which there are four electrons in 
the ft, orbital. Consequently, a moment corresponding to two unpaired electrons is 
expected, viz. 2.83 Bohr magnetons (B.M.). The observed effective moments are very 
much less than this, e.g. 1.44 B.M. for K2,OsCl¢. This is generally regarded as a result 
of the strong coupling between angular and spin moments which is observed in the 
spectra of the heavy elements. Kotani has predicted that when the coupling constant, 
A, is large with respect to kT in the d‘ configuration the magnetic susceptibility will be 
independent of temperature (4). Syrkin and Belova observed that the susceptibility of 
K,OsClg is, in fact, constant from 77° to 292° K (5). Similar results were obtained by 
Johansen and Lindberg for (NH4)2OsBre (6). 

Figgis and co-workers (7) have collected data for various Os (IV) compounds, part 
of which are reproduced in Table I. The values of the coupling constant were derived by 

!Manuscript received January 30, 1961. 
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TABLE I 





Spin-orbit 
coupling 
‘ constant, 
Compound : A, cm" 


8,800 

6,700 

10,300 

. 7,200 

Cs2OsCle : 5,200 


extrapolating the susceptibilities to zero temperature and applying Kotani’s formula 


24 NB” 
(1 xu = STF 


in which N is Avogadro’s number and the other symbols have their usual significance. 
The values of A so obtained are rather greater than the value 3600 cm obtained from 
the spectrum of OsCl,?- (8). Griffith estimated a value of 4500 cm for the free ion (9). 
The nephelauxetic effect of the ligands is expected to produce a 10 to 30% reduction 
in the latter value (10). 

In order to account for their high values for A, Figgis and co-workers considered one 
of Kotani’s assumptions invalid, namely, that the spin-orbit interaction is much smaller 
than the interelectronic repulsion and consequently adopted the view that an equivalent 
of j-j coupling holds within the d, subshell. On this assumption the susceptibility at zero 
temperature is given by 
16 No’ 

i me 

Accordingly, the values of A thus derived are smaller than those given in Table I by a 
factor of 9/2. The modified values are therefore somewhat low. Figgis and co-workers 
further remark that there should be a variation in the observed susceptibilities of the 
different haloosmates consistent with the differing degrees of delocalization of the electrons 
on the central atom and a consequent trend in the values of the coupling constant. 
However, it may be seen from the table that the distribution of the measured values of 
the susceptibility is random. We shall return to this point later. 

The moments of the osmium in the cesium salts are invariably higher than those in 
the corresponding potassium salts. This led us to believe that there is a superexchange 
coupling between neighboring osmium atoms through the intervening chlorine atoms 
and that this coupling becomes weaker as the osmium atoms are forced apart by the 
introduction of the larger alkali ion. Further, if the theoretical treatment (11) of the 
exchange coupling in K2IrCl¢ is to be accepted there is reason to expect that all analogous 
paramagnetic salts of the third transition series elements should be similar in this respect. 
It is evident that infinite isomorphous dilution in K,PtCls should provide magnetically 
isolated OsCl,?- groups and only in such a state can their magnetic behavior be expected 
to conform to Kotani’s expression. 

Results for KzOsCls and K,OsBre 

The effective moment of the osmium atom in solid solutions of KzOsCl. and K.PtCle 
is plotted against composition in Fig. 1. The marked rise in the moment at low concen- 
trations of osmium indicates that the OsCl,?- groups must be essentially isolated from 


Xm = 
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Fic. 1. Plot of the effective moments of osmium at various temperatures against composition of the 
system K.OsCl¢/K2PtCle. 


other paramagnetic centers before they can exhibit their full paramagnetism. We take 
this as an indication of superexchange coupling in the concentrated systems. Table II 


TABLE II 








K,OsCl, at 
Pure K,OsCle infinite dilution 





Temp., — 
°K xm X 108 mett, BM. xm X10 Bett, B.M. 

298 0.858 1.44 

301 — 

195 0.860 1.16 

90 0.79 








presents our results for pure K,OsCl¢ and the results of extrapolation to infinite dilution. 
The results for pure K,OsCle. agree with those of Mellor (12) although they differ slightly 
from those given in reference 7. 

Upon substituting the values of the susceptibility at infinite dilution in equation [1] 
the value 3240 cm~ is obtained for A. This is in good agreement with the values obtained 
from spectra which were mentioned earlier. 

The uncertainty of extrapolation and the correction for diamagnetism are possible 
sources of error. The diamagnetism amounted to approximately 60% of the total sus- 
ceptibility for the most dilute preparation. The value for K,PtCls was obtained from 
material prepared from the same stock and in the same manner as was used in the pre- 
paration of the solid solutions. The diamagnetism of K,OsCl. was estimated from the 
value for K,PtCls by appropriate correction for the change in the central atom using 
Klemm’s values (13). The possible error in the extrapolated values due to the large 
diamagnetic corrections is <4%. It should be emphasized that the measured values of 
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susceptibility may be in error due to possible inhomogeneity of the samples. This could 
only lead to negative errors, however, so the true values of the susceptibilities may be 
slightly higher. It is to be expected that error from this source is negligible at extreme 
dilution. 

In order to see if bromine can transmit superexchange coupling to any appreciable 
extent, we have measured the change in atomic susceptibility of the osmium atom in 
the OsBr¢?- ion in K,OsBrg¢ and in a 10.4 mole% solution of K,OsBrs in K,PtBrs. The 
results are shown in Table III. It is apparent that OsBr¢?- is subject to superexchange 


TABLE III 








Substance Temp., °K xm X10® = wert, BLM. 


K-OsBrs 300 0.99, 
195 0.98, 
90 0.98. 


K2OsBr¢/K2PtBre¢ 302 1.59 
195 1.49 
90 1.32 





on Ome 
SBS Seg 





to approximately the same extent as is OsCl,?~ for the increase in the room temperature 
value of were upon dilution to 10 atom% is about 0.4 B.M. in each case. 

Our value of xm for K:OsBre¢ is 9.86+.05X10-* over the temperature range 90° to 
300° K. This is much higher than the value 6.09 X 10-* given in reference 7. However, it 
is very close to Johansen and Lindberg’s value for (NH4)sOsBre¢, viz. 9.8010-* (6). 
Since the space requirements of the ammonium and potassium ions are very similar, one 
must expect the susceptibilities of the two salts to differ but little. We conclude there- 
fore that the value of err for K2OsBre¢ in Table I is incorrect. If our value of 1.55 B.M. is 
inserted in Table I it is seen that the magnetic moment increases with increasing atomic 
number of the halogen except in the case of the iodo compound. This is in good agree- 
ment with what was observed by Figgis and co-workers for the series of cesium salts. 
In order to rationalize this trend in magnetic moments it would be necessary to compare 
values for magnetically dilute systems. However, we may make a prediction about the 
direction of the trend for the isolated ions on the basis of the following considerations. 

It may be doubted whether there can be superexchange in hexafluoro salts since the 
p-orbitals of the ligands on neighboring groups would overlap little, if at all, and more- 
over, fluorine cannot engage in d,—d, bonding. In fact, most salts containing discrete 
hexafluoro anions, e.g. RuF,?-, MnF,?-, FeF.*-, appear to be free from superexchange 
effects (14, 15, 16)* but the quinquevalent d; fluorides, MRuF. and MOsF., give some 
indication of partial quenching of the magnetic moment (14). Thus it may well be that 
among the various hexahalo compounds superexchange is least pronounced in the case 
of fluorides. Moreover, the value of the Weiss constant, A, increases as does the change 
in moment upon dissolving in water, with change of halogen in going from K,ReF¢ to 
K:Rel, (7). According to the theory of Kotani, d compounds should exhibit a spin-only 
moment regardless of the value of the coupling constant and the temperature providing 
that they are free from superexchange. Consequently, if Kotani’s theory is valid the 
trends in question must be due to an increasing degree of superexchange in going from 
the fluoro to the iodo compound. If these considerations are correct, it must be assumed 


*It is suggested that in certain exceptions to this, namely KyCoF¢ and K;NiF¢, there may be a mixture of 
different spin states (17). This postulate is well justified by ligand field theory. 
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that the reason for the effective moment of K,OsI. being lower than that of K2OsBre¢ is 
that at this point the superexchange supersedes the relatively small increase in the 
nephelauxetic effect. The increase in superexchange from chloro to iodo compounds is 
reasonable in view of the increase in spatial extension of d-orbitals with increasing atomic 
number. This matter is receiving further study. 


B. Potassium Hexachlororhenate 

As indicated above, Kotani’s theory predicts a value of 3.87 B.M. for the moment of 
the d? configuration at all temperatures. However, experimental values of the moment 
in rhenium compounds are appreciably lower. Penney and Schlapp have provided an 
alternative theory (18): 


44 
[3] Hoos = 3.87 (1 - 4) 


in which Dg is the ligand field splitting parameter. The measurements made by Figgis 
and co-workers (7), when applied to this expression, yield a value of 1800 cm™ for A 
which is of the correct order of magnitude for ions of the third transition series. 

Again we questioned the use of moments obtained from magnetically concentrated 
substances. 


Results for K2ReCl, 
The results of measurements on pure and dilute potassium chlororhenate appear in 
Table IV. The limits shown provide an estimate of the error to which the method of 


TABLE IV 








p from 
Temp., Curie-Weiss 
°K nett, B.M. law, B.M. 

195 : 3.07 
90 ' 2.62 
K2ReCle/K2PtCl¢ 298 ‘ , 3.62 
; 195 . ; 3.52 
; 3.34 


Substance 








rhenium analysis is subject. 

It is clear that in the case of K2ReCle also there is significant superexchange. The 
effective moments at infinite dilution would be higher still, but because of the inaccuracy 
of the method of analysis, it was deemed unprofitable to expend more effort on the 
system in an attempt to determine the limiting value. 


EXPERIMENTAL 


The Gouy method was used for the magnetic measurements. The balance was cali- 
brated with purified Mohr’s salt as a standard. The maximum field strength was 5320 
gauss. The samples were contained in evacuated pyrex tubes. 


Preparations 

The samples were prepared from metal sponge supplied by Johnson, Matthey, and 
Mallory, Ltd. Solutions of the.quadrivalent halo complexes in the appropriate halogen 
acid (19, 20) were mixed in various proportions and a solution of potassium chloride 
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added rapidly with stirring. The precipitate was removed immediately by filtration 
through a porous crucible. The products were washed with water and air-dried at 120° C. 
X-Ray diffraction photographs were unable to detect any inhomogeneity, had it occurred, 
because of the near identity of the lattice constant of each of the paramagnetic complexes 
and that of the corresponding platinum compound. The amourit of ferromagnetic 
impurity in the preparations was so small as to be negligible. 


Analyses 


Duplicate determinations of the concentration of the paramagnetic ion were carried 
out in each case. 


Osmium was separated from platinum by distillation from perchloric acid medium 
(21) and determined gravimetrically as described in a previous publication (22). Rhenium 
was separated by heating strongly in a slow stream of air in a quartz combustion tube 
fitted directly to a receiver which was cooled in liquid oxygen and followed by a bubbler 
containing 1% hydrogen peroxide. The heating was continued for 30 minutes after the 
potassium chloride remaining in the sample boat had entirely volatilized. The content of 
the first receiver was allowed to warm up and was dissolved in 1% hydrogen peroxide. 
The solutions so obtained were acidified and the rhenium precipitated and weighed as 
the nitrogen complex. As indicated earlier, the method is not considered highly accurate 


as the average error of the control analyses was —1.4% on amounts of rhenium between 
11 and 23 mg. 
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PHYTIC ACID: AN ANALYTICAL INVESTIGATION' 
E. C. Brown, M. L. HEIT, AND D. E. RYAN 


ABSTRACT 


Acid-base titrations in aqueous and non-aqueous solutions, titrations with metal ions, 
and analyses of various metal phytates support beyond question the 18-acid structure of phytic 
acid. Six of the hydrogens are too weakly acidic to be ordinarily titratable in water; in aqueous 
solution, two distinct breaks occur in the titration curve corresponding to the titration of 8 
and 12 protons of phytic acid. 


INTRODUCTION 


The structure of phytic acid, a naturally occurring plant acid, has not been clearly 
demonstrated. Neuberg (1) has proposed a structure, CsH2sO07P.¢, with 18 acid hydrogens 
about an inositol phosphate nucleus. Anderson (2) proposed a structure containing 12 
acid hydrogens, CgH1s024Ps. The two structures are shown in Fig. 1. 


ANDERSON NEUBERG 


Fic. 1. Proposed structures of phytic acid. 


Various studies of the chemistry of phytic acid have produced supporting arguments 
for both structures. A number of phytic acid salts have been prepared which, on the basis 
of analysis, have been used to support either the Neuberg (3, 4, 5, 6, 7) or the Anderson 
(2, 8, 9, 10, 11) structure. Courtois and Mason (12), on comparing acid and phytate 
hydrolysis curves, favored the Neuberg formula. Desjobert and Fleurent (13) concluded, 
from a study of chemical hydrolysis, that phytic acid behaved like the Anderson model 
but they noted certain anomalies. Barre, Courtois, and Wormser (14) produced titration 
and conductivity curves which they evaluated as indicative of the Anderson formula. 

This wealth of conflicting results suggests that an undefined factor may be operative. 
Analytical difficulties may account for discrepancies in some of the salt analyses but 
certainly not all of them; nor will they explain the anomalous conclusions from hydrolysis 
and conductivity investigations. The possible diversity of starting materials used could 
be an important factor; the source of phytate has been neglected in many papers and 
purification procedures do not always account for possible contaminants (e.g. 
orthophosphate). 

1 Manuscript received February 7, 1961. 


Contribution from the Chemistry Department, Dalhousie University, with financial assistance from the 
National Research Council. 
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From the analytical standpoint, phytic acid is of interest because it complexes or 
chelates metal ions and, by virtue of its many reaction sites, is.extremely effective in 
precipitating or sequestering them. It has been applied to the determination of scandium 
(15), titanium (3), zirconium (3), and thorium (16); for the removal of copper (17) and 
iron (18, 19, 20); for corrosion prevention (21); and for stabilizing metal oxides in cooling 
waters (22). 

It was thought, in view of the above considerations, that a further study of phytic 
acid would be worth while. 


EXPERIMENTAL 

Equipment and Materials 

Measurements of pH were made using either a Beckman Zeromatic or Radiometer 
4 pH meter with a glass-saturated calomel electrode pair. Titrations were performed in a 
pyrex vessel equipped with a water jacket and the temperature of the titration solution 
maintained at 25+0.1° C, by circulating water from a constant temperature bath through 
the jacket; a Wilkens—Anderson ‘‘Lo-Temp Bath” was used to control bath temperature. 
The titration vessel was covered with a plastic lid in which holes were drilled to accom- 
modate a 10-ml microburette, two nitrogen inlet tubes, the electrodes, a thermometer, 
and a glass rod suitable for removing drops from the burette tip. A carbon-dioxide-free 
atmosphere was maintained by bubbling nitrogen both through the solution and above it. 

The starting material was a commercial aqueous phytic acid solution (70%) obtained 
from the Staley Manufacturing Company, Decatur, Illinois. It is a by-product of the 
corn liquor industry and contains water-soluble contaminants identified by the company 
as ‘‘nitrogenous organic materials” and a stabilizer for these materials; it is to be expected 
that orthophosphate is also present. 


Analysis of Materials 

To study phytic acid it was essential to prepare pure materials and to characterize 
them by analysis. Phytic acid, sodium phytate, ammonium phytate, and various metal 
phytates were prepared but a number of difficulties were encountered in analyzing them. 
Since there are 6 phosphorus atoms in the phytic acid molecule, a method for the deter- 
mination of total phosphorus was essential. A number of standard methods for the 
determination of phosphorus, dependent on hydrolysis of phytate and precipitation of 
orthophosphate, proved unsatisfactory. It was concluded that these procedures were 
impaired by attendant difficulties with hydrolysis of phytate and that, because of the 
stability of the phytate nucleus, ordinary methods of phosphorus analysis could not be 
used. 

The phosphorus content of phytates was determined successfully by use of a method 
reported recently in the literature (23). The method, applicable to solid compounds, 
involved burning a weighed sample in oxygen and collecting the residue in nitric acid. 
The orthophosphate resulting from the combustion was then determined by magnesium 
ammonium phosphate precipitation; the precipitate was either ignited to the pyrophos- 
phate or redissolved and the magnesium determined by an EDTA titration. 


Sodium Phytate 


Preparation and Analysts 


In the preparation of sodium phytate, orthophosphate was first removed from the 
commercial phytic acid by ether extraction. Three portions of ether were used, each 
portion being at least equal in volume to the commercial product being treated. The 
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resulting aqueous solution was diluted with an equal volume of water and neutralized 
by small additions of concentrated sodium hydroxide solution. The reaction vessel was 
immersed in an ice bath and the reacting mixture stirred continuously to discourage 
hydrolysis to orthophosphate. The sodium phytate, after the addition of a large excess 
of sodium hydroxide, was precipitated by filtering the reaction mixture and allowing it 
to fall dropwise into a beaker of stirred methyl or ethyl alcohol. The white flocculent 
precipitate was filtered, washed with alcohol, and redissolved in dilute sodium hydroxide; 
the sodium phytate was reprecipitated, ground in a mortar under alcohol, and finally 
oven-dried at 80° C. 

This product, analyzed by the combustion method for phosphorus (23), contained 
16.5% P. The filtrates from these determinations were analyzed for sodium by uranyl 
salt precipitation (24) and gave 36.54+1% Na. The compound Najs phytate contains 
16.7% phosphorus and 37.3% sodium. The mole ratio of sodium to phosphorus as cal- 
culated from analyzed values was 3.0. These results show the prepared sodium phytate 
to be NaisPhy.* 


Potentiometric Titration of Sodium Phytate 

Samples of sodium phytate were dissolved in water and titrated with hydrochloric 
acid; on completion of reaction, the reverse titration, of the phytic acid formed, was 
carried out with potassium hydroxide. Typical curves are shown in Fig. 2. In aqueous 
solution there were two end points; the first of these occurred .at a mole ratio of 8 to 1 
and the other was well defined at 12 moles of acid or base per mole of phytate or phytic 
acid. 

In other titrations sodium phytate was dissolved in glacial acetic acid to which acetic 
anhydride, sufficient to react with contaminating water, was added. The sodium phytate 
was now titrated using a perchloric acid solution in acetic acid that had been standardized 
against potassium acid phthalate. Sodium phytate was not readily soluble in acetic acid 
but 0.1 g was dissolved in 80 ml of the acid when warmed and stirred for 5 hours; hydrol- 
ysis of the sodium phytate in this solution was considered possible but tests, both for 
orthophosphate and phytate, showed that little or no hydrolysis had occurred. A typical 
titration curve is shown in Fig. 2; only one end point is evident corresponding to 18 
moles of hydrogen ion per mole of sodium phytate. 

It follows from these titrations of sodium phytate in aqueous and non-aqueous media 
that there are 18 acid hydrogens in a molecule of the acid but only 12 of these are strong 
enough to be titratable in aqueous solution. 


Phytic Acid 

The previous titrations were carried out with samples of the sodium salt but comparable 
results were obtained when the free acid was titrated. Phytic acid is obtainable only in 
aqueous solution and different procedures have been used for producing the acid from 
one of the phytate salts (12, 13, 14). In the present work good results were obtained by 
passing a solution of sodium phytate through a column of strong cation exchange resin 
(Amberlite IR-120) in the acid form until the solution was strongly acid and the sodium 
content was insignificant; the amount of sodium in this acid solution, detected by flame 
photometry, was only slightly more than that found for a sample of deionized and 
distilled water. Titrations of phytic acid, however, were generally carried out on solutions 
of the sodium salt to which sufficient perchloric acid was added to ensure complete 


*Phy will be used to denote the phytate anion, CsH¢QO27P 5“, throughout this paper. 
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2. Titration of sodium phytate. I, 0.4163 g sodium phytate in 50 ml water titrated with 0.1065 
N HCl, II, resultant solution from titration I back-titrated with 0.0940 N KOH; III, 0.0780 ¢g sodium 
phytate in 80 ml of glacial acetic acid titrated with 0.1040 N HCI, in glacial acetic acid. 


conversion to the acid. The titration curve, shown in Fig. 3, was smooth with two inflection 
points corresponding to the liberation of 8 and 12 moles of hydrogen ion. In the presence 
of excess metal ion with strong complexing ability, a further 6 moles of hydrogen ion 
were liberated from a mole of phytic acid; with lead, for example, the inflection at 8 
moles of hydrogen ion liberated disappeared completely and well-defined inflections 
occurred at 16 and 18 moles of hydrogen ion liberated. Results obtained in the titration 
of phytic acid in the presence of excess magnesium and when the mole ratio of lead to 
phytic acid was 9 to 1 are shown in Fig. 3; a white precipitate formed immediately 
upon addition of lead to the phytic acid solution but precipitation did not begin with 
magnesium until pH 7.5. 

These titrations show that phytic acid has 18 acid hydrogens; of these acid hydrogens, 
6 are not ordinarily titratable in water, being too weakly acidic to give a break in the 
titration curve. The first break in the titration curve, which corresponds to the con- 
sumption of 8 moles of base per mole of acid, shows that eight protons are more easily 
removed than the others; removal of a further four protons is also represented by only 
one break and their acid strengths cannot be very different. 


Titration of Phytate with Metal Ions’ 

Solutions of sodium phytate have a high pH due to hydrolysis of the phytate anion; 
since phytate is itself a base, the reaction of metal ions to form complexes or insoluble 
substances with it should be accompanied by a change in pH. The sudden decrease in 
the concentration of phytate ions at an end point, resulting from the addition of metal 
ion to a solution of the reagent, is accompanied by a sharp decrease in pH. 

Since the constant for the reaction 


Phy~* + yH.O = HyPhy-©-») + yOH- 
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Fic. 3. Titration of phytic acid. I, 2.673 X10 mole phytic acid titrated with 0.09968 N NaOH; II, 
2.527 X10-* mole phytic acid + 2 284X10-' mole Pb** titrated with 0.1018 N NaOH; III, 8. 48X 10-8 
mole phytic acid + 81.5107 a Mg** titrated with 0.0094 N KOH. 


is high, it is necessary for the solubility product constant of the metal phytate precipi- 
tated to be very small so that the change in the concentration of phytate ion (and thus 
pH change) at the equivalence point be large. A high stability of metal phytate will 
mean a sharp pH drop to a low value; if the complex stability is low the pH drop through- 
out the titration will be slight, the end point poorly defined, and resulting pH value will 
be high. 

In these titrations, then, standard solutions of various metal ions were added dropwise, 
with stirring, to solutions containing a known quantity of sodium phytate. The change 
in pH as the metal phytate precipitated was noted and a graphical plot made of this pH 
change against mole ratio of metal ion added per mole of sodium phytate. Figure 4 
shows titration curves obtained from examples of metal ions from each of four valence 
states—Agt, Pb+*, Fet’, Zr+*. Distinct breaks in the titration curves were obtained for 
9 moles of lead, 6 moles of iron, and 44 moles of zirconium per mole of sodium phytate; 
the break in the silver titration curve was not so well defined but was indicative of 18 
moles of silver reacting. The titrations all support the 18-acid form for phytic acid; the 
equivalence point pH’s show an increasing stability order of Ag+, Pb**, Fet*, Zr*. 

A few constant pH titrations were carried out in which a solution of sodium phytate 
was adjusted to a desired pH and a solution of metal ion added to it; reaction of the 
metal ion with the acid formed caused a pH drop which could be readjusted with a base 
(potassium hydroxide was used). The point at which addition of metal ion did not lower 
the pH appreciably and at which addition of base greatly increased the pH was taken as 
an end point. The pH’s chosen for these titrations corresponded generally to the two least- 
buffered regions of the acid—base titration curve for phytic acid when the dominant 
phytate species would be HioPhy~ (pH~5) and HePhy—” (pH~8.5). The method is 
limited because free acid must be absent in the original metal solution but acceptable 
end points were found for silver, magnesium, and lead ions. 
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Fic. 4. Titration of sodium phytate with metal ions (solution volumes 100 ml). I, 1.41X10~ mole 
sodium phytate with 0.201 M Agt; II, 0.728 X10~ mole sodium phytate with 0.0152 M Pb*?; III, 1.6110— 
mole sodium phytate with 0.0215 M Fe*s; IV, 1.75X10-* mole sodium phytate with 0.0440 M Zrt. 


Description and Analyses of Some Metal Phytates 

The composition of metal phytate precipitating from solution is, of course, dependent 
upon acidity. Normal salts, except for the most basic ions, would be uncommon; the 
acid strength of phytic acid suggests that salts containing H;>Phy~* and HgPhy—” should 
be an ordinary occurrence. A description of various phytates prepared, in the course 
of this work, follows. 

Ammonium Phytate 

Ammonium phytate was prepared from commercial phytic acid after extracting the 
commercial product with ether to remove orthophosphate. The aqueous residue was 
neutralized to pH 6 with 1:1 ammonia and the phytate precipitated with silver nitrate; 
no yellow orthophosphate was noted. The silver phytate, after washing with water, was 
ground in a mortar under a deficiency of 1:1 hydrochloric acid to remove silver as silver 
chloride and liberate the phytic acid. An equal quantity of methanol was added to the 
resulting solution and ammonia bubbled through the mixture. The white precipitate was 
filtered, washed with methanol, and dried in a desiccator under slight negative pressure. 
Analysis of the ammonium phytate for ammonium ion (by Kjeldahl) and for phosphorus 
(by combustion method) gave 16.5+0.5% NH«* and 20.9+0.5% P; these figures give 
a mole ratio of ammonium ion to phytate of 8 to 1 and suggest the incompletely neutral- 
ized product (NH4)sHioPhy. 

Silver Phytate 

Silver phytate formed as a white precipitate when silver nitrate was added to phytic 
acid (pH 2); addition of ammonia gave more precipitate up to pH 4 but dissolved when 
more ammonia was added to pH 8. The silver phytate was light sensitive, the color 
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changing from white through pink and brown to black. The precipitate resulting from 
the sodium phytate — silver nitrate titration was analyzed for silver by dissolving in 
nitric acid and precipitating the silver as silver chloride; the silver content of the dried 
precipitate was 70+1%, corresponding to a mole ratio of silver to phytate of approxi- 
mately 16 to 1; this result was not unexpected in view of the titration curve obtained 
(Fig. 4). 

Magnesium Phytate 

Magnesium ion did not react with phytic acid below pH 3. Above this pH reaction was 
slight until about pH 7 where constant pH titrations indicated about 4 moles of mag- 
nesium ion reacting; however, the titration of phytic acid in the presence of excess 
magnesium ion showed the eventual reaction of 9 moles (Fig. 3). Precipitation did not 
begin until the pH was 7.5; the white precipitate was not easily separated from solution. 

Lead Phytate 

The lead phytate resulting from titration of sodium phytate with lead nitrate was 
filtered, washed with water, dried at 100° C, and weighed; the agreement between actual 
and theoretical weights, calculated as PbpPhy, was excellent (within 0.05%). The stability 
of lead phytate in mineral acids made direct determination of lead difficult but successful 
analyses were obtained after dissolving the lead phytate in aqua regia, destruction of 
organic matter by addition of sulphuric acid, and three evaporations to incipient dryness, 
and weighing as lead sulphate; a mole ratio of lead to phytate of 9 to 1 was found. The 
9 to 1 phytate forms above pH 5.6 but in more acid solutions lower lead phytates are 
formed. Analysis of compounds precipitated at both pH 3 and pH 2 showed 4 moles of 
lead per mole of phytate. 

Iron Phytate 

Although ferrous phytate was not easily precipitated, ferric phytate separated imme- 
diately as a white precipitate on addition of ferric ion to a solution of phytic acid. The 
precipitate from the titration of sodium phytate with ferric chloride was analyzed for 
iron, after dissolution in hydrochloric acid, by adding excess potassium iodide and 
titrating the liberated iodine with thiosulphate (25). Analysis supported the composition 
shown by the titration curve (Fig. 4) giving an iron to phytate ratio of 6 to 1; the pre- 
cipitate contained water that could not be removed completely without decomposition, 
and analysis calculations were based on iron content to phytate used in the titration. 
At pH 11 a soluble, wine-orange ferric phytate was formed. 

Zirconium Phytate 

The titration curve of sodium phytate with zirconium ion indicated formation of 
insoluble compounds containing 2 and 4.5 moles of zirconium per mole of phytate. The 
final precipitate was coagulated with ethanol, filtered, washed with ether, and dried at 
80° C; the weight was 117% that expected for Zrs.;Phy. Drying at higher temperatures 
decreased the weight, apparently by loss of water, but resulted in eventual decomposition 
of the compound. This phytate was only slightly soluble in concentrated hydrochloric, 
nitric, and sulphuric acids. Alimarin and Kozel (26) have used phytic acid to precipitate 
zirconium quantitatively in 0.5 N nitric and 6 N hydrochloric acid; the precipitate was 
ignited and weighed as Zr2PQ9. 


CONCLUSIONS 
Phytic acid, prepared from the Staley Manufacturing Company product, has 18 acid 


hydrogens. Of these acid hydrogens, 6 are not titratable in water but are titratable in a 
more basic solvent. Analysis, titrations of sodium phytate with metal ions, and titration 
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of phytic acid solutions containing an excess of metal ions support the 18-acid structure 
and indicate that phytic acid has a structure corresponding to the Neuberg configuration. 

It is necessary, in view of these results, to consider possible reasons for disagreement 
with workers who favor the Anderson model. Titrations in aqueous solution would, of 
course, support a 12-acid structure since six protons are not titratable in water. Under 
ordinary conditions normal salts are not readily formed and erroneous conclusions could 
readily be drawn on the basis of moles of metal ion contained per mole of phytate; the acid 
strength of phytic acid suggests that salts corresponding to (M"!)sHioPhy, (M'")sH¢Phy, 
or (M!?")4H¢Phy, in addition to the more difficultly formed (M'),Phy or (M‘'!")¢Phy, 
should be common. Such considerations would explain Otolski’s iron phytates (5) which 
were analyzed to be A—Fe,* but which reacted with 6 moles of monovalent amine. 
Wrenshall and Dyer’s iron salt (7), which gave an intermediate analysis between A—Fe, 
and N—Feg, could easily be the result of an incompletely neutralized phytate. Bourdillon 
prepared a mixed calcium and sodium salt, A—Ca,Nas.3H;0O (8); this could be written 
as Ca2NasH¢Phy. The possible existence of two phytic acids should not be overlooked; 
an interesting thought, since they differ only by three water molecules, is that the Ander- 
son phytate is simply the degradation product of Neuberg phytate. 
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PHOSPHATASE ALCALINE INTESTINALE: 
CINETIQUE DE L’HYDROLYSE DU PHOSPHATE DE p-NITROPHENYLE* 


MIcHEL LAZDUNSKI ET LUDOVIC OQUELLET 


ABSTRACT 


The Michaelis constants and the rates at high substrate concentration for the system 
p-nitrophenyl phosphate — intestinal alkaline phosphatase have been measured at 15.3° C 
and 24.4°C from pH 7.5 to pH 10.4. 

The experimental data can be interpreted as indicating the presence of three acid groups 
in the active center of the enzyme. The observed pK of ionization of these groups are 9.02, 
8.39, and 7.65 at 15.3° C, and 9.75, 8.42, and 7.62 at 24.4° C. 

These data stress the importance of electrostatic interactions between the groups in the 
active center and the rest of the enzyme molecule. A heat of ionization of 6 to 7 kcal/mole 
is attributed to each of these groups. At least one active group of the enzyme would be a 
thiol function and the other ones imidazole or thiol. 


Quelques auteurs seulement ont cherché a identifier les composants du centre actif de 
la phosphatase alcaline. Les résultats les plus importants ont été obtenus par Morton 
(1) et Zittle et Bingham (2) dont les études cinétiques suggérent la présence d’un hydroxyle 
phénolique essentiel ayant un pK de 9.2 4 38°C. En 1952, Koshland (3) a proposé un 
mécanisme d’action de la phosphatase alcaline, et en 1958, Engstrém (4) a réussi a isoler 
une P® phosphorylsérine venant d’une préparation de phosphatase alcaline incubée avec 
du phosphate inorganique radioactif. 

La présente publication traite, A deux températures, de l’influence du pH sur I’hydro- 
lyse du phosphate de p-nitrophényle catalysée par la phosphatase alcaline. Les données 
permettront de déterminer: (a) le nombre de groupes actifs ionisables de l’enzyme; (0d) 
les constantes et chaleurs d’ionisation de ces groupes. 


PREAMBULE 


Les hypothéses et définitions usuellement utilisées en cinétique enzymatique sont 
rapportées dans l’ouvrage de Laidler (5). Le schéma réactionnel fondamental est pré- 
senté dans la figure 1. 


” i] ~ 
i ——— EH = E 
peach ac agmer anes 


Ss s s s 


7 , 
= oe oe 

de 
us ae. Ta oe a. SES a 

EHS == EH, a 

ko 
PRODUITS 
Fic. 1. Schéma représentant les états d’ionisation d’une enzyme E et du complexe enzyme-substrat 
eps : : y 
lorsque le centre actif inclut trois groupes acides. 


L’enzyme apparait sous quatre formes ionisées: EH;, EH2, EH, E. Nous supposons 
que seul, parmi les différents complexes enzyme-substrat, EHS se décompose pour 
donner les produits. Ky’, Kir’, Kis’, Ki, Kis, Kr11 sont des constantes apparentes 
d’ionisation. 

*Manuscrit regu le 1 mars 1961. 

Contribution du Département de Chimie, Faculté des Sciences, Université Laval, Québec, Qué. 

Can. J. Chem. Vol. 39 (1961) 
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La vitesse de l’hydrolyse est donnée par l’équation de Michaelis-Menten: 
(1) v = ValS]/(Ku+IS)). 


Si le systéme est a l'état d’équilibre ou de quasi-équilibre (5), Vi, représente la vitesse 
4 concentration de substrat infinie, K,, est la constante de Michaelis. Ces deux grandeurs 
ont pour valeur: 


(2| = Vm / (1424) +t ) 


a r (H*], (H*} {H*], _(H*}' ) 
@) Be ere +) / (14+ Ly Pay vy a) 


Les techniques utilisées pour l’estimation des constantes d’ionisation ont été décrites 
par Dixon (6), Massey et Alberty (7) et Laidler (5). L’évaluation de V,,/K,, en fonction 
du pH permet de déterminer les constantes relatives a l’enzyme (équation [4]). 


+ +72 


Si l’enzyme n’existe que sous trois formes ionisées EH», EH, E, les termes Ky; et 
Kytr deviennent infinis et les équations [2] et [3] se simplifient: 


gt K, iH") ( Ky’ uH"}) 


Vn = val ah jh. !). 


PARTIE EXPERIMENTALE 

Réactifs 

Phosphate de paranttrophényle 

Le sel disodique utilisé comme substrat provient de ‘‘Mann Research Laboratories 
Inc.’’. Sa richesse en phosphate de paranitrophényle est de 99.7%; il a été utilisé sans 
purification ultérieure. Les solutions a différentes concentrations de substrat ont été 
obtenues par dilution du sel dans 1’eau distillée. 

Enzyme 

L’enzyme utilisée est une phosphatase alcaline intestinale purifiée, vendue par ‘“‘Mann 
Research Laboratories’. Les solutions 4 différentes concentrations d’enzyme ont été 
obtenues par dilution dans l’eau distillée. 

Solutions tampons 

Les tampons trishydroxyméthyle-amino-méthane (0.01 M) —- HCI ont été utilisés au- 
dessous de pH 9 et éthanolamine (0.01 M)-HClI pour les valeurs de pH supérieures 
a 9. 

L’éthanolamine provient de Eastman Organic Chemicals et le trishydroxyméthyle- 
amino-méthane de Fisher Scientific Co. 

Les pH ont été mesurés avec un pHmétre Radiometer TTT1b utilisant une électrode 
de verre Radiometer type B. 





1300 CANADIAN JOURNAL OF CHEMISTRY. VOL. 39, 1961 


Procédé 

Détermination de la vitesse initiale d’ hydrolyse v 

L’hydrolyse du phosphate de p-nitrophényle est suivie par mesure colorimétrique du 
p-nitrophénol libéré lors de la réaction: 

NO:C,H,OPO;" + OH- — NO.CsH,O~- + PO,H™. 
Des essais préliminaires ont montré que la réaction d’hydrolyse s’arrétait par passage 
en milieu trés alcalin. 

Le déroulement des opérations est le suivant: 14 ml d’une solution de phosphate de 
p-nitrophényle de concentration adéquate sont ajoutés 4 15 ml de solution tampon. Ce 
mélange est porté dans un bain a thermostat (a 15.3° C ou 24.4° C +0.1°C) et y est 
laissé pendant 30 minutes. Ce laps de temps écoulé, la réaction est démarrée par injection 
de 1 ml d’une solution de l’enzyme également 4 température voulue. La réaction est 
suivie pendant 5 4 10 minutes suivant les cas. Des prélévements de 5 ml sont faits chaque 
minute et versés dans 0.3 ml d’une solution de soude 4 N. La réaction s’arréte. Le para- 
nitrophénol est, dans ces conditions de basicité, sous forme ionisée et les lectures sont 
faites au spectrophotométre Beckman DU 4 la longueur d’onde de 407 mu correspondant 
au maximum de densité optique. 


RESULTATS 


Les constantes de Michaelis expérimentales ont été déterminées 4 deux températures: 
de pH 7.46 a pH 10.43 a 15.3° C, et de pH 7.5 a pH 10.3 a 24.4°C. 
La figure 2 représente trois courbes de Lineweaver—Burk (8) ov I’inverse de la vitesse 


1 
V 











Fic. 2. Courbes de Lineweaver—Burk: @) pH 8.15, température 24.4°C; (B) pH 8.0, température 
24.4° C; (C) pH 9.87, température 15.3° C 


est porté en fonction de l’inverse de la concentration de substrat. Des rapports de 20 
entre les valeurs les plus faibles et les plus élevées de 1/[S] ont été couramment atteints. 
Les valeurs de K,, obtenues sont reproductibles 4 mieux de 10%. 

Les résultats expérimentaux confirment la validité de la loi de Michaelis-Menten 
aux températures et pH étudiés et quelles que soient les concentrations d’enzyme 
utilisées. 
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Influence du pH sur Ky 
Les représentations de Dixon traduisent, dans les figures 3 et 4, les variations de 


a 











4 


8 9 10 pH 





Fic. 3. Courbe de pXm en fonction du pH a 15.3° C. 
Fic. 4. Courbe de pXm en fonction du pH a 24.4° C. 


pKm(—log Km) en fonction du pH aux deux températures étudiées. Les courbes obtenues 
a 15.3° C et 24.4°C ont une allure semblable, seule peut étre notée une différence de 
pente du cété alcalin du maximum. 

Les points blancs ont été obtenus en utilisant un tampon trishydroxyméthyle-amino- 
méthane—HCl]; les points noirs, en utilisant un tampon éthanolamine—HCl. Le recouvre- 
ment des deux parties de la courbe représentée dans la figure 3, indique que, s’il y a 
effet spécifique du tampon, il est le méme dans les deux cas. 

Les constantes d’ionisation observées ne peuvent étre attribuées au substrat dont le 
plus haut pK, 5.38, est trés au-dessous du domaine de pH étudié (9). 

La vitesse maximum est sensible aux variations de concentration de l’enzyme dues, soit 
a une qualité non-homogéne, soit 4 un vieillissement de la phosphatase utilisée. La 
détermination de V,, a fait l’objet d’une série spéciale d’expériences, effectuée aussi 
rapidement que possible. A chaque pH étudié, la réaction a été faite 4 concentration 
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de substrat élevée. La valeur de V,, est calculée en multipliant la vitesse initiale ainsi 
obtenue par le terme correctif (1+ K,,/(S]). 
Les figures 5 et 6 présentent les données expérimentales sous forme logarithmique 


Oo 


oe 











50 





Fic. 5. Courbe de log Vm en fonction du pH a 15.3° C. Les vitesses sont en unités arbitraires. 
Fic. 6. Courbe de log Vm en fonction du pH a 24.4° C. Les vitesses sont en unités arbitraires. 


(log V.. en fonction du pH). Les points sont expérimentaux, les tracés sont théoriques 
et ont pour équations: 

[7] 415.3°C: log Vm = log [Vn/(1+[H*]/10-*-7)] 

[8] a 24.4°C: log Va = log [Va/(1+[H*+]/10-*:*)]. 

Ces équations sont celles qui décrivent le mieux les données expérimentales. 

La valeur de pK;;’ = 9.37, déterminée a 24.4° C, est sujette a caution. I] semble qu’ il 
se produise a cette température, au-dela de pH 9.8, un début de désactivation, peut-étre 
réversible, de l’enzyme. Si, dans la figure 6, les vitesses 4 pH 10.1 et 10.3 n’ont pas la 
valeur qui leur est accordée, pKy;’ pourrait augmenter sensiblement et se rapprocher 
ainsi de la valeur 9.7 obtenue a 15.3° C. 





LAZDUNSKI AND OQUELLET: PHOSPHATASE ALCALINE INTESTINALE 1303 


Deux possibilités se présentent pour Ky’: (1) Ky’ = 0; le complexe ES n’existe pas. II 
y a compétition sur l’enzyme entre les ions hydroxyle et le substrat. (2) Ky’ « Ky’: la 
pente des courbes de Dixon a haut pH (figs. 3 et 4) et l’allure des courbes de log V,, en 
fonction du pH (figs. 5 et 6) indiquent que la constante K 1’, si elle existe, est certainement 
inférieure 4 10-". Aux pH correspondant a pK,’ éventuel, l’enzyme se désactive et en 
rend la détermination impossible. 

De la mé@me maniére K;,;;' peut étre soit trés supérieure aux plus grandes concen- 
trations d’ions hydrogéne étudiées, soit infinie, ce qui indiquerait une compétition entre 
les ions hydrogéne et le substrat sur EH;. Le complexe EH;S ne pourrait alors exister. 


DISCUSSION 


Les figures 3 et 4 s’interprétent au moyen des régles établies par Dixon (6). Les change- 
ments de pente observés correspondent 4a l’ionisation de deux groupes essentiels du 
centre actif de l’enzyme. Leurs pK sont voisins des valeurs 7.8 et 8.6. 

Pour la méme phosphatase alcaline intestinale, Morton (1) et Zittle (2) obtenaient 
un changement de pente 4 pH 9.2 a 38°C et concluaient a la présence d’un hydroxyle 
phénolique au centre actif. Les courbes de Dixon obtenues par Zittle et Bingham avec 
la phosphatase du lait et par Motzok (10) avec la phosphatase du plasma ne présentent pas 
de changement de pente. Dans les trois cas, le domaine de pH étudié est trop étroit 
pour qu’on puisse prétendre déterminer les pK d’ionisation de tous les groupes ionisables 
du centre actif. Une étude semblable a permis 4 Lora-Tamayo et ses collaborateurs (11) 
de mettre en évidence trois groupes ionisables au centre actif de la phosphatase acide 
de la pomme de terre. Néanmoins, l’interprétation des courbes de Dixon présente deux 
inconvénients: (a) l’expression de K,, en fonction du pH (équation [3]) fait intervenir 


les constantes d’ionisation des complexes enzyme-substrat. Aussi bien, l’interprétation 
des figures 3 et 4 ne peut-elle conduire qu’a des valeurs approchées des constantes 
d’ionisation de l’enzyme. (b) Lorsque la présence de substrat sur l’enzyme a pour effet 
d’élever les pK des groupes du centre actif, il peut se produire un masquage de con- 
stante (figure 7). Seule I’étude de I’influence du pH sur la quantité V,,/K, donne le 


A 








7 8 pH 9 10 


Fic. 7. Influence du pH sur pK pour un enzyme fictif possédant au centre actif deux groupes ionisables 
ayant pour pK: pK; = 8 et pKi1 =7 

Les constantes d’ionisation des complexes enzyme-substrat sont: courbe A pKy1 = 7.4, pK’ =8.4; 
courbe B pKi1' = 8.4, pK1’ = 9.4; courbe C pK11’ = 8, pK’ = 9. 

Les valeurs de pKm sont portées en unités arbitraires. 
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nombre et les constantes d’ionisation exactes des groupes ionisables du centre actif. Tout 
p& qui apparait dans les courbes de Dixon doit se retrouver dans les courbes de 
log Vm/Km en fonction du pH avec sa valeur exacte. Le nombre de groupes actifs ainsi 
déterminé doit étre supérieur ou au moins égal a celui déterminé a partir des courbes 
de Dixon. 

Les figures 8 et 9 traduisent I’influence du pH sur log Vm/Ky a 15.3° C et 24.4° C. Les 








shin 1 4 
8 pH 10 





Fic. 8. Influence du pH sur la quantité log 0m/Km a 15.3° C. Les points représentent les données 
expérimentales, le tracé est théorique. 

Fic. 9. Influence du pH sur la quantité log Vu/Km 4 24.4°C. Les points représentent les données 
expérimentales, le tracé est théorique. 


tracés sont théoriques et les points ont été obtenus en additionnant les valeurs expéri- 
mentales de log V,, et de pA,, en fonction du pH. Le tracé (A) de la figure 7 suppose 
deux groupes ionisables par centre actif et a pour équation: 


+ 
9 10g Pm/Ru = tog [ (Va/Ku) / (1-4+-K3 441) } 
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Les constantes K, et K;; ont été déterminées par la méthode d’Alberty (12): pK, = 9.02, 
pKy1 = 8.39. Cette courbe (A) s’éloigne sensiblement des points-pratiques du cété acide 
du maximum. Par contre, le tracé (B) qui suppose trois groupes ionisables par centre 
actif, et a pour équation |’expression logarithmique de |’équation [3], fournit une coinci- 
dence satisfaisante. Les valeurs K, et K,; sont celles indiquées ci-dessus. La constante 
Ky11 est celle qui apparait dans la courbe de Dixon (fig. 3) dans la région de 7.8. Nous lui 
avons assigné la valeur de pK ;;; = 7.65 pour obtenir un bon accord entre les données 
théoriques et expérimentales. Le tracé théorique de la figure 8 a été également calculé 
a partir de l’équation [3]. Les constantes K,, Ky; et Ky11 ont été déterminées comme pour 
le tracé (B) de la figure 7. Le tableau I récapitule les valeurs des constantes obtenues 


TABLEAU I 


Constantes d’ionisation des groupes actifs ionisables 
de la phosphatase alcaline intestinale et du complexe 
enzyme-substrat qu'elle forme avec le phosphate de 

p-nitrophényle 








2 Cc 15.3° C 





° 
pK ? 
pKir1 6: 

3 


4 
pki 9.7 
4 
pK 11’ : 





a 24.4° C et 15.3° C. Les valeurs de pK sont valables avec une erreur absolue de +0.05 
unité de pK. Les trois groupes ionisables identifiés font partie du centre actif de l’enzyme 
et participent 4 la formation des complexes enzyme-substrat. Ils peuvent étre tous 
différents, tous identiques ou l’un différent des autres. 

Si les groupes sont identiques et s’il n’y a aucune influence électrostatique, les pK 
apparents pK,, pKy;, pKy1; doivent étre séparés par 0.48 unité de pK (13). Si, les 
mémes hypothéses étant posées, les groupes sont différents, leurs pK apparents doivent 
étre séparés par plus de 0.48 unité de pK. 

L’influence de la charge électrique sur le processus d’ionisation est en général beaucoup 
trop importante pour qu’elle puisse étre négligée. Les groupes actifs peuvent d’une 
part s’influencer mutuellement, d’autre part étre affectés par l’ionisation des groupes 
voisins qui ne participent pas directement a la formation du complexe enzyme-substrat. 
Cet effet électrostatique a pour résultat d’augmenter les différences entre les pK apparents 
de fonctions identiques. Les données de Britton (14) montrent l’amplitude du phénoméne 
dans les molécules beaucoup plus simples que celles des protéines. Pour l’acide succinique 
pK, = 5.60, pK, = 4.20, ce qui donne un ApK, dfi aux effets électrostatiques, de 0.8; 
pour l’acide glutarique le ApK électrostatique est égal 4 0.47. L’équation [10] rend 
compte de Il’influence de la charge électrostatique Z sur la constante d’ionisation d’un 
groupe acide de la protéine. 


[10] pK = pKo—2wZ/2.3 
ol w est donné par: 


(11) =? (i. : ) 
= 2DkT \b_ 1+xa 
ot e est la charge de |l’électron, D la constante diélectrique du milieu, & la constante 


de Boltzman, T la température absolue, b le rayon de la molécule de protéine considérée 
comme sphérique, «/(1+«a) est la fonction de Debye—Hiickel. 
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Chaleurs d’ionisation 

Les ionisations relatives 4 K,; et Ky,; sont pratiquement athermiques et pourraient 
—si ce n’était des valeurs de pX—étre attribuées a4 la fonction carboxylique ou a un 
groupe phosphate. L’ionisation relative 4 K;, exothermique par 32 kcal/mole, est d’inter- 
prétation beaucoup plus difficile. Les groupes ionisables des molécules de protéines ont 
des ionisations soit athermiques, soit endothermiques, mais jamais exothermiques. 

L’interprétation des phénoménes électrostatiques permet d’expliquer ces valeurs 
anormales des chaleurs d’ionisation. La molécule de phosphatase alcaline est riche en 
lysine (15), le pK des groupes ¢ amino est environ 10 a 15.3° C et leur chaleur d’ionisation 
est environ 12 kcal/mole. A pH 8.39 (pKy; a 15.3° C), ces groupes contribuent a la 
charge de l’enzyme. Lorsque la température passe de 15.3° C a 24.4° C, le pK des groupes 
€ amino diminue d’environ 0.3 unités de pK. Si le groupe actif de pK 8.39 a une chaleur 
d’ionisation de 7 kcal/mole son pK diminue de 0.16 unité pK pour la méme élévation 
de température. Au pH égal au nouveau pK du groupe actif, la protéine est plus négative 
qu’elle ne l’était 4 pH 8.39. Cette augmentation de la charge négative a pour effet 
d’élever le pK d’ionisation (équation [10)}). 

Les deux effets—abaissement du pK d’ionisation du groupe actif df a l’élévation de 
température de 15.3° C a 24.4°C et l’augmentation de ce pK df a Il’accroissement de 
la charge négative—se compensent en milieu faiblement alcalin. C’est 14 l’explication 
des chaleurs d’ionisation nulles obtenues pour pKy; et pKyyr1. 

A pH élevé, l’élévation de la température produit une telle augmentation de la charge 
négative de l’enzyme qu’il y a “surcompensation’’. La chaleur d’ionisation apparente 
sera négative. C’est certainement 1a l’explication de l’exothermicité considérable de 
ionisation relative 4 pK,. Les influences du pH et de la température sur la charge de 
la phosphatase alcaline sont trés mal connues. L’enzyme n’a pas été titrée et ceci élimine 
toute possibilité d’un traitement quantitatif des effets électrostatiques. Le point isoélec- 
trique (16) de la phosphatase alcaline est environ 5.6; l’enzyme est riche en groupes 
carboxyliques, en résidus ¢€ amino et posséde de l’histidine en quantité appréciable (15). 
Nous admettrons, en premiére approximation, que sa courbe de titrage a la méme allure 
que celle de la myosine qui posséde des propriétés semblables. Les courbes de titrage 
obtenues par Mihalyi (17) montrent que l’influence de la température sur la charge 
négative de l’enzyme, bien qu’appréciable entre pH 7 et 9, est surtout sensible au-dela 
de pH 9. Ceci justifie l’interprétation donnée précédemment, qui veut que les groupes 
ionisables du centre actif de l’enzyme aient des chaleurs d’ionisation inférieures a 
celles des groupes ¢€ amino. Des chaleurs d’ionisation de 6 4 7 kcal/mole semblent 
raisonnables. 


Influence du pH sur la vitesse maximum 

Aux deux températures et pour les valeurs de pH inférieures a 8, les points expéri- 
mentaux sont sensiblement au-dessus des courbes théoriques. Les paliers obtenus peuvent 
étre dus a la décomposition des deux complexes EHS et EH.S. La vitesse de réaction 
devient: 


"= k,[EH.S] +k,[EHS]. 


La participation d’un deuxiéme complexe 4 la formation des produits n’affecte que la 
valeur de V,, et n’influe pas sur at 

Si l’enzyme fournit un mécanisme a la réaction, on imagine mal qu’il soit multiple 
ou comporte divers stades intermédiaires en paralléle. Il semble plus raisonnable d’admet- 
tre, ici encore, la participation des effets électrostatiques. La fixation du substrat, avec 
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ses deux charges négatives éléve le pK de l’enzyme de 8.39 a 9.7 a 15.3° C. II est possible 
qu’aux pH inférieurs 4 8, la charge négative du complexe enzyme-substrat diminue 
suffisamment vite pour conserver au rapport [H+]/Ky,;’ une valeur constante. Ceci a 
pour effet de maintenir constante I’expression de la vitesse maximum en fonction du pH: 


Va = Val 1 n+) ‘ 


CONCLUSION 


Identification des groupes ionisables du centre actif 

Dans les molécules de protéines, les seuls groupes qui aient des chaleurs d’ionisation 
faibles sont: le groupe hydroxyle phénolique (6 kcal/mole), le groupe imidazole de 
histidine (18) (6.9 4 7.5 kcal/mole), le groupe sulfhydryle de la cystéine (19) (~7 
kcal/mole). 

Les pKy, pKy;, pKi11 apparents sont trop élevés pour pouvoir appartenir au groupe 
imidazole (pK 5.6 4 7.0) et trop faibles pour pouvoir appartenir au groupe hydroxyle 
phénolique (pK 9.6 4 10.9). Par contre, ils appartiennent tous au domaine d’ionisation 
des —SH (pK 7.5 4 10). Les données expérimentales conduisent donc a une seule con- 
clusion: présence au centre actif de trois groupes ionisables qui sont tous des groupes 
thiols. 

La charge négative de la protéine est probablement considérable dans le domaine de 
pH ‘étudié. Toutes les expériences ont été faites en l’absence de quantités appréciables 
de cations. Les valeurs de pK obtenues sont des valeurs maximum; les pK» correspondants 
(équation [10]) sont sans doute sensiblement plus faibles. Une étude des courbes de 
titrage est en cours qui devrait permettre un traitement semi-quantitatif des effets 
électrostatiques. Il se pourrait qu’alors le ou les deux groupes actifs ayant les pK les 
plus bas soient attribués a l’imidazole de I’histidine et non plus au groupe thiol de la 
cystéine. 


RESUME 


Les constantes de Michaelis et les vitesses maxima ont été évaluées 4 15.3°C et 
24.4° C, de pH 7.5 a pH 10.4. 

Les données expérimentales permettent d’identifier trois groupes ionisables au centre 
actif de l'enzyme. Les pK apparents d’ionisation de ces groupes sont a 15.3° C: pK; =9.02; 
pKy, = 8.39; pKir = 7.65; a 24.4° C: pK; = 9.75; pKy = 8.42; et pKis1 = 7.62. 

Ces résultats mettent en relief le r6le important des phénoménes électrostatiques. Les 
chaleurs d’ionisation attribuées aux trois groupes actifs sont de 6 a 7 kcal/mole. 

L’un des groupes actifs au moins est une fonction thiol. Les deux autres peuvent étre 
des thiols ou des imidazoles. 
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SYNTHESES DE COURTS PEPTIDES 
RENFERMANT DES ACIDES AMINO-1 CYCLOALKYL CARBOXYLIQUES' 


PATRICE TAILLEUR ET LouIs BERLINGUET ~- 


ABSTRACT 


Using classical methods of synthesis nine small peptides containing amino-l cycloalkyl 
carboxylic acids have been synthesized. The cyclic acids have been placed either at the N-ter- 
minal or at the C-terminal positions or in between two natural amino acids, glycine and 
DL-phenylalanine. 

The cyclization of two dipeptides into a substituted diketopiperazine, and the subsequent 
hydrolysis of this compound have been studied. 


INTRODUCTION 

L’acide amino-1 cyclopentane carboxylique présente un intérét particulier puisqu’on 
a démontré qu’il pouvait inhiber la croissance de certains types de tumeurs (1, 2). Plu- 
sieurs dérivés ainsi que des homologues supérieurs et inférieurs de cet acide amino-1 
cyclopentane carboxylique ont été récemment synthétisés (3, 4, 5). Mais il semble que 
de tous ces dérivés, seul l’acide amino-1 cyclopentane carboxylique ait un effet anti- 
tumoral appréciable. 

-Par ailleurs, l’acide aminé posséde une toxicité assez marquée; nous avons alors pensé 
qu’en l’incorporant dans un court peptide, on pourrait a la fois diminuer sa toxicité et 
conserver son activité biologique. Connors et Ross (5) ont déja synthétisé trois dipeptides 
dans lesquels l’acide amino-1 cyclopentane carboxylique est combiné soit a la glycine, 
soit a la pL-phénylalanine. 

Nous avons voulu obtenir d’autres dipeptides, et surtout placer l’acide aminé cyclique 
entre des acides aminés naturels. Les peptides non-naturels ainsi obtenus devraient avoir 
des propriétés biologiques intéressantes, lesquelles seront rapportées ailleurs. Pour ce 
faire, nous avons surtout utilisé les méthodes classiques de synthése des peptides, en 
passant par les dérivés carbobenzoxy et les esters benzyliques, qui ont été condensés par 
le N,N’-dicyclohexylcarbodiimide, suivant la méthode de Sheehan et Hess (6). Nous 
avons ainsi obtenu neuf peptides dont trois ont déja été obtenus par Connors ét Ross, 
mais par une méthode différente des nétres. Ces neuf peptides contiennent soit l’acide 
amino-1 cyclopentane carboxylique, soit l’acide amino-1 cyclohexane carboxylique, 
lesquels sont placés soit a l’extrémité N-terminale de la chaine, soit a l’extrémité C-ter- 
minale, soit entre deux acides aminés naturels. Les acides aminés naturels utilisés ont 
été la glycine et la DL-phénylalanine. 

Les dérivés carbobenzoxy des deux acides aminés cycliques ont été préparés avec des 
rendements élevés, soit 75%. Mais lorsque nous avons voulu préparer les chlorures 
d’acides de ces dérivés, nous avons observé une cyclisation spontanée en anhydride 
correspondant. D’ailleurs MacDonald (7) avait aussi observé la formation spontanée 
du 3-oxa-l-azaspiro[4.4]nonanedione-2,4 correspondant 4 l’acide amino-1 cyclopentane 
carboxylique et du 3-oxa-1-azaspiro[4.5]décanedione-2,4 correspondant 4a l’acide amino-1 


'Manuscrit regu le 25 janvier 1961. Napa 
Contribution du Département de Biochimie, Faculté de Médecine, Université Laval, Québec, Qué. Présenté 
en partie aux congres de l'ACFAS, Montréal et Québec, novembre 1959 et 1960. 
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cyclohexane carboxylique. Nous avons donc pensé 4 utiliser la méthode de Sheehan et 
Hess ot I’on condense un dérivé carbobenzoxy avec un ester benzylique. Les esters 
benzyliques des deux acides aminés cycliques ont été synthétisés en modifiant quelque peu 
la méthode de Miller et Waelsch (8). Ces esters ont été isolés sous formes de p-toluéne- 
sulfonates et de chlorhydrates avec d’excellents rendements. La condensation avec 
le N,N’-dicyclohexylcarbodiimide nous a donné des peptides protégés qui ont ensuite 
été hydrogénés en peptides libres dont la liste apparait dans le tableau I. 


TABLEAU I 
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H Glycine 

H DL-Phénylalanine 
H DL-Phénylalanine 
Glycyl 

Glycyl 

DL-Phénylalanyl 

DL-Phénylalanyl 

Glycyl pDL-Phénylalanine 
Glycyl pL-Phénylalanine 





* 
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Amino-1 cyclopentane carboxyl-glycine (1) 
Amino-1 cyclopentane carboxyl-DL-phénylalanine (IT) 
Amino-1 cyclohexane carboxyl-DL-phénylalanine (IIT) 
Glycyl-acide amino-1 cyclopentane carboxylique (IV) 
Glycyl-acide amino-1 cyclohexane carboxylique (V) 
pDL-Phénylalanyl-acide amino-1 cyclopentane carboxylique (V1) 
pL-Phénylalanyl-acide amino-1 cyclohexane carboxylique (VII) 
Glycyl-amino-1 cyclopentane carboxyl-pL-phénylalanine (VIII) 
Glycyl-amino-1 cyclohexane carboxyl-DL-phénylalanine (IX) 


SNOW WwNmwht 
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Pour obtenir des peptides renfermant une molécule de glycine placée a |’extrémité 
N-terminale, nous avons préparé les dérivés chloroacétylés des acides aminés cycliques. 
Ceux-ci, aprés amination, ont donné avec d’excellents rendements, les deux dipeptides 
suivants: le glycyl-acide amino-1 cyclopentane carboxylique et le glycyl-acide amino-1 
cyclohexane carboxylique. Cette méme méthode nous a permis d’obtenir deux tripeptides 
a partir de l’amino-1 cyclopentane carboxyl-pL-phénylalanine et de l’amino-1 cyclo- 
hexane carboxyl-DL-phénylalanine. 

La trés grande facilité de cyclisation des dérivés N-carbobenzoxy des deux acides aminés 
cycliques nous a amenés a étudier la formation d’une dicétopipérazine substituée a partir 
des deux dipeptides renfermant l’acide amino-1 cyclopentane carboxylique et la glycine. 
Connors et Ross (5) en chauffant a 180°, dans le vide, l’amino-1 cyclopentane carboxy]l- 
glycine (I), ont obtenu la dicétopipérazine (X), sans mentionner le rendement. Théori- 
quement il était intéressant de comparer la facilité de cyclisation en dicétopipérazine 
des deux peptides, glycyl-acide amino-1 cyclopentane carboxylique (IV) et amino-1 
cyclopentane carboxyl-glycine (I). Nous avons constaté que le glycyl-acide amino-1l 
cyclopentane carboxylique aprés un chauffage 4 180° pendant 6 heures dans le vide se 
cyclisait facilement avec un rendement de 80% en dicétopipérazine. Dans des conditions 
expérimentales identiques, l’amino-1 cyclopentane carboxyl-glycine donne la méme dicé- 
topipérazine mais avec un rendement trés faible de 10 4 15%.* Vu la différence marquée 
dans le comportement des deux peptides lors de la cyclisation, il nous a semblé possible 
que par hydrolyse acide, un des liens peptidiques soit plus facilement coupé que !’autre. 


*Les cristaux obtenus lors de ces deux cyclisations ont des spectres aux rayons-X identiques, tel que déterminé 
par Madame Przybylska du Conseil National de Recherches a Ottawa. 
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Connors et Ross ont observé que I’hydrolyse acide de la dicétopipérazine (X) conduit 
au peptide amino-1 cyclopentane carboxyl-glycine (I). Nous avons voulu étudier plus 
en détail cette hydrolyse dans de I’acide chlorhydrique 1 N, en identifiant, par chro- 
matographie, les produits formés. Les deux dipeptides et les deux acides aminés qui les 
composent se séparent bien par chromatographie, mais leur détermination quantitative 
présente des difficultés. L’acide amino-1 cyclopentane carboxylique ne posséde pas 
d’hydrogéne en position a, et de ce fait, se comporte de facon anormale lors de la titration 
de Sérensen avec le formol (9), et ne réagit pas quantitativement avec la ninhydrine 
(10). Lorsque cet acide aminé cyclique est placé a l’extrémité N-terminale d’une chaine 
peptidique, la fonction aminée semble étre encore moins réactive. C’est ainsi que le 
dipeptide amino-1 cyclopentane carboxyl-glycine réagit trés peu avec la ninhydrine et 
avec le fluoro-1, dinitro-2,4 benzéne. Dans ces conditions, il devenait trés difficile d’estimer 
avec précision la proportion relative des deux dipeptides provenant de l’hydrolyse de la 
dicétopipérazine. La dicétopipérazine ne donnant pas de coloration avec la ninhydrine 
nous avons alors utilisé la méthode au chlore de Rydon et Smith (11), puis étudié la 
marche de cette hydrolyse par chromatographie (voir la figure 1). Nous avons pu constater 
qu’aprés 10 minutes il ne restait que des traces de dicétopipérazine, et que déja les deux 
dipeptides (I et IV) commengaient a s’hydrolyser en acides aminés. La dicétopipérazine 
était complétement ouverte aprés 20 minutes. Ludtke (12) et Levene (13) ont démontré 
déja que l’hydrolyse d’une dicétopipérazine se faisait en deux étapes: l’une rapide, 
donnant un ou des dipeptides, et l’autre lente, libérant les acides aminés. Si les deux 
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Fic. 1. Représentation du chromatogramme des produits d’hydrolyse de la dicétopipérazine (X). 
Le solvant est le suivant: n-butanol (225), acide acétique (75) et eau (25). 


dipeptides se cyclisent en une méme dicétopipérazine substituée- avec des rendements 
bien différents, par contre, l’ouverture de cette dicétopipérazine donne naissance de 
facon indifférente aux deux peptides attendus, contrairement 4 ce qui a été rapporté (5). 


PARTIE EXPERIMENTALE 


Acide amino-1 cyclopentane carboxylique 

On dissout 46.26 g (0.3 mole) de 1,3-diazaspiro[4.4]nonanedione-2,4 et 110.05 g (0.35 
mole) d’hydroxyde de barium octahydraté dans 500 ml d’eau chaude. On porte ensuite a 
l’autoclave pendant une heure a 165°. Aprés refroidissement 4 60°, on ajoute 35.5 g 
(0.37 mole) de carbonate d’ammonium pour précipiter l’excés de barium. Aprés filtration, 
on concentre la solution, et l’acide aminé cristallise par refroidissement. Rendement: 
27.8 g (71.8%). Anal. Cale. pour CsH1;0.N: N, 10.84%. Trouvé: N, 10.70%. 


Acide amino-1 cyclohexane carboxylique 

On hydrolyse de fagon analogue a la précédente, 50.46 g (0.3 mole) de 1,3-diazaspiro- 
[4.5]décanedione-2,4. L’acide amino-1 cyclohexane carboxylique obtenu est recristallisé 
avec de l’eau et de l’acétone. Rendement: 34.4 g (80%). Anal. Calc. pour C7H1;0.N: 
N, 9.77%. Trouvé: N, 9.80%. 


Acide N-carbobenzoxy amino-1 cyclopentane carboxylique 

On dissout 12.92 g (0.1 mole) de l’acide amino-1 cyclopentane carboxylique dans 25 ml 
(0.1 mole) d’hydroxyde de sodium 4 N. En agitant vigoureusement, dans un bain d’eau 
4 20°, on additionne simultanément, goutte-a-goutte, pendant 30 minutes, 27.5 ml (0.11 
mole) d’hydroxyde de sodium 4 WN et 22.8 ml (0.11 mole) d’une solution de chloroformate 
de benzyle dans le toluéne et dont la concentration est de 8.3 g/10 ml. L’addition des 
réactifs étant terminée, on continue l’agitation pendant 30 minutes. On extrait avec 50 
ml d’éther et on acidifie la fraction aqueuse refroidie avec 15 ml d’acide chlorhydrique 
concentré. On extrait ensuite le produit avec deux portions de 50 ml d’acétate d’éthyle 
qu’on séche finalement sur du sulfate de magnésium anhydre. Aprés concentration de 
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la solution, le produit cristallise au froid par addition d’un excés d’éther de pétrole. 
Rendement: 19.5 g (74.3%). Le produit recristallisé fond 4 92—93°.* Anal. Calc. pour 
Ci4Hy;O,N: N, 5.83%. Trouvé: N, 5.48%. 


Acide N-carbobenzoxy amino-1 cyclohexane carboxylique 

On traite 14.32 g (0.1 mole) d’acide amino-1 cyclohexane carboxylique par le chloro- 
formate de benzyle tel que décrit précédemment. On obtient ainsi 20 g (72.2%) du dérivé 
N-carbobenzoxy de Il’acide amino-1 cyclohexane carboxylique. P.f. 154—156°. Anal. Calc. 
pour C,5H 1904N: N, 5.06%. Trouvé: N, 5.07%. 


N-Carbobenzoxy glycine 

On condense 7.5 g (0.1 mole) de glycine avec le chloroformate de benzyle tel que décrit 
plus haut, mais dans un bain d’eau a 0°. Le dérivé N-carbobenzoxy de la glycine est 
précipité par l’acide chlorhydrique puis filtré et recristallisé avec du chloroforme. Rende- 
ment: 17 g (81.3%). P.f. 119-120° (litt. p.f. 120°) (14). Anal. Calc. pour CyH1,0,N: 
N, 6.70%. Trouvé: 6.80%. 


N-Carbobenzoxy DL-phénylalanine 

On traite comme précédemment 16.5 g (0.1 mole) de pL-phénylalanine. La réaction 
se fait dans un bain d’eau a 0°. Le dérivé N-carbobenzoxy de la pL-phénylalanine obtenu 
pése 23 g (76.8%). P.f. 98°. Aprés recristallisation avec de l’éther et de |’éther de pétrole, 
le produit fond a 103° (litt. p.f. 103°) (14). Anal. Cale. pour Ci7H170.N: N, 4.68%. 
Trouvé: 4.60%. 


3-Oxa-1-azaspiro| 4.4]nonanedione-2,4 

A 2.63 g (0.1 mole) de l’acide N-carbobenzoxy amino-1 cyclopentane carboxylique, 
on additionne 5 ml d’anhydride acétique et 1 ml de chlorure de thionyle. On maintient 
a l’ébullition pendant une minute. On évapore 4a sec sous vide, et on cristallise l’anhydride 
formé en dissolvant le résidu dans un peu d’acétate d’éthyle chaud, et en ajoutant un 
excés d’éther de pétrole. Rendement: 1.1 g (73.3%). Le produit recristallisé fond a 
128-129° (p.f. litt. 128°) (7). Anal. Cale. pour C;HsO;N: N, 9.00%. Trouvé: N, 9.01%. 


3-Oxa-1-azaspiro[ 4.5]décanedione-2,4 

On traite 2.77 g (0.1 mole) de l’acide N-carbobenzoxy amino-1 cyclohexane carboxy- 
lique par le chlorure de thionyle tel que décrit plus haut. On obtient ainsi 1.3 g (76.8%) 
de l’anhydride. P.f. 112° (litt. p.f. 114.8-115.2°) (7). Anal. Calc. pour CsH1;0;N: N, 
8.26%. Trouvé: N, 8.32%. 


Acide N-chloroacétyl-amino-1 cyclopentane carboxylique 

On dissout 5.46 g (0.05 mole) d’acide amino-1 cyclopentane carboxylique dans 12.5 
ml (0.05 mole) d’hydroxyde de sodium 4 N. On ajoute a froid, en agitant violemment, 
simultanément et par portions, pendant 20 minutes, 13.75 ml (0.055 mole) d’hydroxyde 
de sodium 4 N et 6.21 g de chlorure de chloroacétyle. L’addition des réactifs terminée, 
on continue l’agitation pendant 15 minutes, et on ajoute 4 froid 10 ml d’acide chlor- 
hydrique concentré. Aprés 3 heures au froid, on filtre le dérivé chloroacétylé et on le 
recristallise avec de l’acétate d’éthyle et.de l’éther de pétrole. Rendement: 6 g (73%). 
P.f. 160°. Anal. Cale. pour CsH1203;NCI: N, 6.80%, Cl, 17.25%. Trouvé: N, 6.89%, Cl, 
17.54%. 

Les autres dérivés chloroacétylés sont préparés de fagon analogue. 


*Les points de fusion ne sont pas corrigés. 
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Acide N-chloroacétyl-amino-1 cyclohexane carboxylique 

On traite comme ci-haut 6.45 g (0.05 mole) d’acide amino-1 cyclohexane carboxylique 
par le chlorure de chloroacétyle. Le dérivé chloroacétylé obtenu pése 8 g (72.8%). P-f. 
206°. Anal. Calc. pour CsH40;NCI: N, 6.37%; Cl, 16.18%. Trouvé: N, 6.48%; Cl, 16.23%. 


Glycyl-acide amino-1 cyclopentane carboxylique (IV) 

A 100 ml d’ammoniaque concentrée, on ajoute 3 g (0.015 mole) d’acide N-chloroacétyl- 
amino-1 cyclopentane carboxylique. Aprés 3 jours 4 la température de la chambre tout 
est dissous, et on laisse continuer la réaction une journée de plus. On évapore ensuite a 
sec sous vide sur un bain-marie. Le résidu est dissous dans un minimum d’eau bouillante 
et on additionne un excés de méthanol. Le glycyl-acide amino-1 cyclopentane carboxy- 
lique cristallise 4 froid. Rendement: 2 g (71.7%). P.f. 271-275°. On recristallise avec de 
l’eau et du méthanol. P.f. 276-278°. Anal. Calc. pour CsH1,O3;Ne: N, 15.05%. Trouvé: 
15.10%. 

Tous les autres dérivés chloroacétylés sont traités de fagon analogue par l’ammoniaque. 


Chlorhydrate du glycyl-acide amino-1 cyclopentane carboxylique 

On dissout 3.72 g (0.02 mole) du glycyl-acide amino-1 cyclopentane carboxylique dans 
25 ml d’eau. Aprés refroidissement dans la glace on additionne 22 ml (0.022 mole) d’acide 
chlorhydrique 1 N. Aprés quelques minutes, on évapore a sec sous vide et on recristallise 
deux fois le chlorhydrate avec de l’eau et de l’acétone. Rendement: 3.5 g (78.7%). P.f. 
214-215° (litt. p.f. 216°) (5). Anal. Calc. pour CsH1O3Ne.HCl: N, 12.52%. Trouvé: 
N, 12.65%. 


Glycyl-acide amino-1 cyclohexane carboxylique ( V) 

On traite comme ci-haut, 2.2 g (0.01 mole) d’acide N-chloroacétyl-amino-1 cycio- 
hexane carboxylique par 100 ml d’ammoniaque concentrée. On obtient ainsi 1.5 g (75%) 
de glycyl-acide amino-1 cyclohexane carboxylique. Aprés une recristallisation avec de 
l’eau et de l’éthanol, le produit se décompose 4 une température supérieure 4 300°. Anal. 
Calc. pour CgH1,03Ne2: N, 14.01%. Trouvé: N, 14.00%. 


N-Carbobenzoxy glycyl-acide amino-1 cyclopentane carboxylique 

On traite 18.6 g (0.1 mole) du glycyl-acide amino-1 cyclopentane carboxylique par 
le chloroformate de benzyle tel que décrit plus haut. Le dérivé N-carbobenzoxy du glycyl- 
acide amino-1 cyclopentane carboxylique, précipité par l’addition d’acide chlorhydrique 
concentré, est filtré et recristallisé avec de l’eau contenant 25% d’éthanol. Rendement: 
26 g (81.2%). P.f. 176°. Anal. Calc. pour CigH2O5N2: N, 8.74%. Trouvé: N, 8.60%. 


N-Carbobenzoxy glycyl-acide amino-1 cyclohexane carboxylique 

On condense 20 g (0.1 mole) du glycyl-acide amino-1 cyclohexane carboxylique avec 
le chloroformate de benzyle tel que décrit plus haut. Le dérivé N-carbobenzoxy du 
glycyl-acide amino-1 cyclohexane carboxylique est précipité 4 un pH de 5-6 par addition 
d’acide chlorhydrique dilué. Le produit est filtré et recristallisé avec un minimum d’eau 
contenant 25% d’éthanol. Rendement: 31g (92.5%). P.f. 263°. Anal. Cale. pour 
C17H2.0;Ns2: N, 8.37%. Trouvé: N, 8.30%. 


p-Toluénesulfonate de l’ester benzylique de l’acide amino-1 cyclopentane carboxylique 

On suspend 6.46 g (0.05 mole) d’acide amino-1 cyclopentane carboxylique et 10.46 g 
(0.055 mole) d’acide p-toluénesulfonique monohydraté dans 100 ml d’alcool benzylique 
et 150 ml de toluéne. On laisse bouillir le mélange pendant une nuit, en recueillant l’eau 
formée au moyen d’un tube de Dean et Stark. Aprés refroidissement, on filtre une partie 
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de l’ester qui pése 10 g, et on évapore le filtrat 4 sec sous vide et 4 une température ne 
dépassant pas 130°. On reprend le résidu 4 chaud avec un minimum de chloroforme et 
on cristallise 4 froid en présence d’un excés d’éther. On obtient ainsi le reste de |’ester 
qui pése 9 g. Rendement: 19 g (92.7%). P.f. 180-186° C. Aprés trois recristallisations, 
on obtient le p-toluénesulfonate de l’ester benzylique de l’acide amino-1 cyclopentane 
carboxylique pur qui fond 4 193—195°. Anal. Calc. pour Ci3H17O.N. p-CH;C.H,SO3H: 
N, 3.58%. Trouvé: N, 3.58%. 


Chlorhydrate de l’ester benzylique de l’acide amino-1-cyclopentane carboxylique 

On suspend 16.38 g (0.04 mole) de p-toluénesulfonate de !l’ester benzylique de l’acide 
amino-1 cyclopentane carboxylique dans 100 ml d’eau glacée et 50 ml de chloroforme. On 
agite fortement pendant 10 minutes en neutralisant avec un léger excés d’une solution 
1 M de bicarbonate de sodium. On décante le chloroforme et on extrait de nouveau avec 
50 ml de chloroforme. Aprés avoir séché les deux fractions de chloroforme réunies sur du 
sulfate de magnésium anhydre, on sature la solution d’acide chlorhydrique gazeux, on 
évapore a environ 50 ml, et le produit cristallise au froid par addition d’une excés d’éther. 
Rendement: 9.7 g (95%). P.f. 162°. On recristallise avec du dioxane et de l’éther. P.f. 


163°. Anal. Calc. pour Cy3H170.N.HCI: N, 5.48%; Cl, 13.88%. Trouvé: N, 5.53%; Cl, 
14.00%. 


p-Toluénesulfonate de l’ester benzylique de l’acide amino-1 cyclohexane carboxylique 

On traite comme précédemment 7.2 g (0.05 mole) d’acide amino-1 cyclohexane car- 
boxylique. Aprés refroidissement du mélange, rien ne cristallise. Aprés évaporation a 
sec et cristallisation du résidu avec du chloroforme et de l’éther, on obtient 19 g (85%) 
de p-toluénesulfonate de l’ester benzylique de l’acide amino-1 cyclohexane carboxylique 
qui fond 4 160—163°. Aprés deux recristallisations avec du chloroforme et de |’éther, le 


produit fond 4 167-169°. Anal. Calc. pour Cy4Hig02.N.p-CHsCsH,.SO;H: N, 3.46%. 
Trouvé: N, 3.33%. 


Chlorhydrate de l’ester benzylique de l’acide amino-1 cyclohexane carboxylique 

On traite comme précédemment 16.94 g (0.04 mole) de p-toluénesulfonate de l’ester 
benzylique de l’acide amino-1 cyclohexane carboxylique. Le chlorhydrate de |’ester 
benzylique de l’acide amino-1 cyclohexane carboxylique ainsi obtenu pése 9.6 g (90%) 
et est recristallisé avec du dioxane et de l’éther. P.f. 211°. Anal. Calc. pour Ci4H1,02N. 
HCl: N, 5.21%; Cl, 13.18%. Trouvé: N, 5.40%; Cl, 13.60%. 


p-Toluénesulfonate de l’ester benzylique de la glycine 

On estérifie de facon analogue aux expériences précédentes, 30 g (0.4 mole) de glycine 
en présence de 83.6 g (0.44 mole) d’acide p-toluénesulfonique monohydraté dans 200 ml 
d’alcool benzylique et 200 ml de benzéne. L’estérification terminée, on ajoute 200 ml 
d’éther de pétrole et le p-toluénesulfonate de |’ester benzylique de la glycine cristallise a 
froid. Rendement: 140 g (98.5%). P.f. 128-130°. On recristallise le produit avec du 
chloroforme et de l’éther de pétrole. P.f. 134-135°. Anal. Calc. pour CsH1:02N . p-CH;- 
C.H,SO3H: N, 4.15%. Trouvé: 4.20%. 


Chlorhydrate de l’ester benzylique de la glycine 

Comme précédemment, on suspend 6.7 g (0.02 mole) de p-toluénesulfonate de l’ester 
benzylique de la glycine dans 75 ml de chloroforme en présence de 50 ml d’eau glacée. 
Le chlorhydrate de l’ester benzylique de la glycine ainsi obtenu pése 4 g (99%) et est 
recristallisé avec du chloroforme contenant 25% d’éthanol. P.f. 139-140° (litt. p-f. 
139-140°) (15). Anal. Calc. pour CsH1,02.N.HCI: N, 6.95%. Trouvé: N, 7.00%. 
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p-Toluénesulfonate de l’ester benzylique de la DL-phénylalanine 

On estérifie comme ci-haut 33 g (0.2 mole) de pL-phénylalanine en présence de 41.8 g 
(0.22 mole) d’acide p-toluénesulfonique monohydraté, de 200 ml d’alcool benzylique et 
de 100 ml de benzéne. L’estérification terminée, on refroidit et on ajoute 200 ml d’éther 
de pétrole. Le p-toluénesulfonate de l’ester benzylique de la pL-phénylalanine cristallise 
au froid. Rendement: 84.5 g (95%). P.f. 142-146°. Aprés une recristallisation avec du 
chloroforme et de l’éther de pétrole le produit fond 4 145-146°. Anal. Calc. pour CigHir 
ON . p-CH3C.gH.SO;3H: N, 3.14%. Trouvé: N, 3.09%. 


Chlorhydrate de l’ester benzylique de la DL-phénylalanine 

On neutralise comme précédemment 8.9 g (0.02 mole) de p-toluénesulfonate de l’ester 
benzylique de la pL-phénylalanine suspendus dans 75 ml de chloroforme et 50 ml d’eau 
glacée. On obtient finalement 5.5 g (94%) de chlorhydrate de l’ester benzylique de la 
pL-phénylalanine. P.f. 203-204°. On recristallise le produit deux fois avec de l’eau. P-f. 
205-206° (litt. p.f. 196°) (8). Anal. Calc. pour C;sH:7O.N.HCI: N, 4.80%. Trouvé: N, 
4.88%. 


Esters benzyliques libres des acides aminés 

Pour effectuer les condensations par le N,N’-dicyclohexylcarbodiimide, les esters 
benzyliques qui sont synthétisés sous forme de chlorhydrates ou de p-toluénesulfonates 
doivent étre obtenus 4a |’état libre. Le chlorhydrate ou le p-toluénesulfonate de |’ester 
benzylique est suspendu dans du chloroforme en présence de 25% en volume d’eau 
glacée. On additionne un excés d’une solution de bicarbonate de sodium 1 M. On agite 
fortement pendant 10 a 15 minutes et le chloroforme est décanté. On extrait de nouveau 
la solution aqueuse avec un peu de chloroforme qu’on décante ensuite. Aprés avoir 
séché les deux fractions de chloroforme réunies, sur du sulfate de magnésium anhydre, 


on évapore a sec sous vide. Les rendements moyens en esters libres sont de 90 a 99%. 


N-Carbobenzoxy amino-1 cyclopentane carboxyl-glycinate de benzyle 

On dissout dans 100 ml de chlorure de méthyléne, 13.2 g (0.05 mole) de dérivé N-carbo- 
benzoxy de l’acide amino-1 cyclopentane carboxylique et 9.08 g (0.055 mole) d’ester 
benzylique de la glycine. On additionne ensuite 11.4 g (0.055 mole) de N,N’-dicyclo- 
hexylcarbodiimide. Aprés 4 heures a la température de la chambre, on ajoute 5 ml d’acide 
acétique pour détruire l’excés de carbodiimide. Aprés 10 minutes, on filtre la N,N’- 
dicyclohexylurée formée qui pése 12 g. On évapore le filtrat 4 sec sous vide et on reprend 
le résidu par un minimum d’acétate d’éthyle chaud. Le N-carbobenzoxy-amino-1-cyclo- 
pentane carboxyl-glycinate de benzyle cristallise 4 froid par addition d’un excés d’éther 
de pétrole. Rendement: 15 g (73.2%). P.f. 122-123°. Ce produit peut étre hydrogéné 
directement sans étre recristallisé. Aprés trois recristallisations avec de l’alcool et de 
l’éther de pétrole, le produit fond a 130-131°. Anal. Calc. pour C23H2s0sN2: N, 6.83%. 
Trouvé: N, 6.83%. Les quatres condensations suivantes sont effectuées de facon analogue. 


N-Carbobenzoxy DL-phénylalanyl-amino-1 cyclopentane carboxylate de benzyle 

On dissout dans 50 ml de chlorure de méthyléne, de fagon analogue 4 la précédente, 
8.98 g (0.03 mole) de dérivé N-carbobenzoxy de la pL-phénylalanine et 7.24 g (0.033 
mole) d’ester benzylique de l’acide amino-1 cyclopentane carboxylique. On additionne 
ensuite 6.82 g (0.033 mole) de N,N’-dicyclohexylcarbodiimide. On obtient ainsi 12 g 
(80%) de N-carbobenzoxy pt-phénylalanyl-amino-1 cyclopentane carboxylate de 
benzyle. P.f. 107-110°. Ce produit peut étre utilisé tel quel pour Il’hydrogénation. Aprés 
deux recristallisations avec de l’alcool et de l’éther de pétrole, le produit fond 4 123-124°. 
Anal. Calc. pour C3oH320sNe2: N, 5.59%. Trouvé: 5.79%. 
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N-Carbobenzoxy DL-phénylalanyl-amino-1 cyclohexane carboxylate de benzyle 

On dissout dans 40 ml de chlorure de méthyléne, comme précédemment, 9.0 g (0.03 
mole) de dérivé N-carbobenzoxy de la pL-phénylalanine et 7.7 g (0.033 mole) d’ester 
benzylique de l’acide amino-1 cyclohexane carboxylique. On additionne ensuite 6.82 g 
(0.033 mole) de N,N’-dicyclohexylcarbodiimide. On obtient ainsi 13g (84.4%) de 
N-carbobenzoxy DL-phénylalanyl-amino-1 cyclohexane carboxylate de benzyle. P-f. 
115-117°. On recristallise avec de l’alcool et de l’éther de pétrole. P.f. 117-118°. On peut 
hydrogéner subséquemment sans recristalliser. Anal. Calc. pour C3;H3,O;Ne: N, 5.44%. 
Trouvé: N, 5.438%. 


Ester benzylique du N-carbobenzoxy amino-1 cyclohexane carboxyl-p.-phénylalanine 

On dissout comme ci-haut, dans 60 ml de chlorure de méthyléne, 13.86 g (0.05 mole) 
de dérivé N-carbobenzoxy de l’acide amino-1 cyclohexane carboxylique et 14.05 g (0.055 
mole) d’ester benzylique de la pL-phénylalanine. On additionne ensuite 16.85 g (0.056 
mole) de N,N’-dicyclohexylcarbodiimide. On obtient ainsi 19.5 g (75.5%) d’ester benzy- 
lique du N-carbobenzoxy amino-1 cyclohexane carboxyl-pL-phénylalanine. P.f. 105- 
106°. Ce produit peut étre hydrogéné tel quel. Aprés deux recristallisations avec de 
l’alcool et de l’éther de pétrole, le produit fond 4 102—103°. Anal. Calc. pour C3;3H340;N2: 
N, 5.44%. Trouvé: N, 5.44%. 


Ester benzylique du N-carbobenzoxy amino-1 cyclopentane carboxyl-p.L-phénylalanine 

‘On dissout comme ci-haut, dans 200 ml de chlorure de méthyléne, 13.2 g (0.05 mole) 
de dérivé N-carbobenzoxy de l’acide amino-1 cyclopentane carboxylique et 14.05 g 
(0.055 mole) d’ester benzylique de la pL-phénylalanine. On additionne ensuite 11.4 g 
(0.055 mole) de N,N’-dicyclohexylcarbodiimide. Aprés 4 heures 4 la température de la 
chambre, on filtre une partie de l’urée formée qui pése 5 g. On additionne au filtrat 5 ml 
d’acide acétique et on évapore a sec sous vide. On reprend le résidu par 300 ml de dioxane 
a 50°. On filtre la solution. Il reste un résidu insoluble de'7 g constitué en grande partie 
du reste de l’urée. On évapore le filtrat jusqu’a un volume de 100 ml et le produit cristallise 
au froid par addition d’un excés d’éther de pétrole. Le rendement brfit de l’ester benzylique 
du N-carbobenzoxy amino-1 cyclopentane carboxyl-pL-phénylalanine est de 21 g (84%). 
Ce produit fond 4 154—157° et peut étre utilisé tel quel pour l’hydrogénation. Aprés 
deux recristallisations avec de l'alcool additionné de 50% d’acide acétique, il fond a 
165-166°. Anal. Calc. pour C3H3205N2: N, 5.59%. Trouvé: 5.52%. - 


Amino-1 cyclopentane carboxyl-glycine (I) 

On dissout 8.21 g (0.02 mole) de N-carbobenzoxy amino-1 cyclopentane-carboxyl- 
glycinate de benzyle dans 200 ml d’un mélange égal d’alcool et d’acide acétique bouillant. 
On refroidit 4 la température de la chambre et on additionne environ 0.1 g de palladium 
4 10% sur du carbone. On effectue ensuite l’hydrogénation pendant 6 heures sous une 
pression de départ de 30 livres. Aprés avoir filtré le catalyseur on évapore a sec sous 
vide. On reprend le résidu avec 20 ml d’acétate d’éthyle chaud. On laisse refroidir 15 
minutes et on filtre le dipeptide insoluble. L’amino-1 cyclopentane carboxyl-glycine est 
recristallisé avec de l’eau et de l’acétone. P.f. 277°. Rendement: 3.5 g (94.5%). Anal. 
Calc. pour CsH14O3Ne: N, 15.05%. Trouvé: 15.00%. 

Pour les autres hydrogénations, on procéde de fagon analogue. 


Chlorhydrate de l’'amino-1 cyclopentane carboxyl-glycine 

On dissout 2 g (0.017 mole) d’amino-1 cyclopentane carboxyl-glycine dans 20 ml d’eau 
bouillante. On refroidit dans la glace avant d’ajouter 17.4 ml (0.017 mole) d’acide chlor- 
hydrique 1 N. On évapore a sec sous vide et aprés trois recristallisations avec de l’alcool 
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et de l’acétone on obtient un produit qui fond 4 214—215° (p.f. litt. 200°) (5). Anal. Calc. 
pour CsHyO3Ne2.HClI: N, 12.52%; Cl, 15.75%. Trouvé: N, 12.38%; Cl, 15.70%. 


pL-Phénylalanyl-acide amino-1 cyclopentane carboxylique ( VI) 

On dissout 10.01 g (0.02 mole) de N-carbobenzoxy pDL-phénylalanyl-amino-1 cyclo- 
pentane carboxylate de benzyle dans 250 ml d’une solution chaude d’acide acétique a 
25% dans l’éthanol. On refroidit 4 la température de la chambre et on fait I’hydrogénation 
comme précédemment. Le pL-phénylalanyl-acide amino-1 cyclopentane carboxylique est 
recristallisé avec de |’éthanol aqueux 4 50%. Rendement: 5.0g (90.4%). P.f. 270-272° 
(p.f. litt. 268-270°) (5). Anal. Calc. pour CisH»O3N2: N, 10.12%. Trouvé: 10.08%. 


Amino-1 cyclohexane carboxyl-pL-phénylalanine (III) 

On fait une hydrogénation comme ci-haut sur une solution contenant 10.29 g (0.02 
mole) d’ester benzylique de N-carbobenzoxy amino-1 cyclohexane carboxyl-DL-phénylala- 
nine. L’amino-1 cyclohexane carboxyl-DL-phénylalanine obtenu est recristallisé en le 
suspendant dans un peu d’eau chaude et en ajoutant 4 chaud de 1’éthanol jusqu’a dis- 
solution compléte puis en portant au froid. Rendement: 5 g (86.2%). P.f. 286°. Aprés 
une recristallisation le produit fond 4 292°. Anal. Calc. pour CigsH2203;Ne2: N, 9.63%. 
Trouvé: 9.61%. 


Amino-1 cyclopentane carboxyl-pL-phénylalanine (II) 

On dissout 5g (0.01 mole) de N-carbobenzoxy de l’ester benzylique de |’amino-1 
cyclopentane carboxyl-DL-phénylalanine dans 200 ml d’un mélange égal d’éthanol et 
d’acide acétique bouillant. Avant que la solution ne refroidisse et que le produit de 
départ ne cristallise, on procéde immédiatement a Il’hydrogénation comme précédemment. 
L’amino-1 cyclopentane carboxyl-DL-phénylalanine ainsi obtenu est recristallisé en le 


suspendant dans 20 ml d’alcool bouillant et en additionnant de l’eau jusqu’a dissolution 
compleéte et en portant au froid. P.f. 272-273°. Rendement: 2 g (72.1%). Aprés recristalli- 
sation le peptide fond a 273°. Anal. Calc. pour CisH»O3N2: N, 10.13%. Trouvé: N, 
10.14%. 

Le produit est trés insoluble dans Il’eau et dans I’alcool, mais il se dissout dans un 
mélange des deux 4 chaud. 


Chlorhydrate du vi-phénylalanyl-acide amino-1 cyclohexane carboxylique (VII) 

Cette hydrogénation est analogue aux précédentes. On dissout 10.3 g (0.02 mole) de 
N-carbobenzoxy DL-phénylalanyl-amino-1 cyclohexane carboxylate de benzyle dans 100 
ml d’alcool additionné de 25 ml d’acide acétique et de 10 ml d’acide chlorhydrique 3 N. 
L’hydrogénation terminée, on évapore le solvant 4 sec sous vide, aprés avoir filtré le 
catalyseur. Le résidu est traité par 20 ml d’acétone. Aprés 10 minutes on filtre le chlor- 
hydrate du pL-phénylalanyl-acide amino-1 cyclohexane carboxylique insoluble qui pése 
5.0 g (77%). Le produit est recristallisé deux fois avec du méthanol et de 1’éther. P-f. 
281-282°. Anal. Calc. pour CygH2203;Ne2.HCl: N, 8.57%; Cl, 10.85%. Trouvé: N, 8.45%; 
Cl, 10.50%. 


N-Chloroacétyl-amino-1 cyclopentane carboxyl-DL-phénylalanine 

On dissout 2.76 g (0.01 mole) d’amino-1 cyclopentane carboxyl-pL-phénylalanine dans 
50 ml d’éthanol aqueux (20%) bouillant. On refroidit vitement, et avant que le peptide 
ne cristallise ‘on additionne 2.5 ml (0.01 mole) d’hydroxyde de sodium 4 N. On évapore 
a sec sous vide 4 une température ne dépassant pas 30° et on dissout le résidu dans un 
peu d’eau. On fait ensuite le Schotten-Baumann avec 2.75 ml (0.011 mole) d’hydroxyde 
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de sodium 4 N et 1.24 g (0.011 mole) de chlorure de chloroacétyle. Rendement: 2.5 g 
(71%). Le produit est recristallisé avec de l’alcool et de l’éther de pétrole. P.f. 189-191°. 
Anal. Cale. pour Cy7H21:0,4N.Cl: N, 7.94%; Ch, 10.05%. Trouvé: N, 7.85%; Cl, 10.21%. 


N-Chloroacétyl-amino-1 cyclohexane carboxyl-DL-phénylalanine : 

On dissout 2.90 g (0.01 mole) d’amino-1 cyclohexane carboxyl-pL-phénylalanine dans 
2.5 ml (0.01 mole) d’hydroxyde de sodium 4 N. Les réactifs additionnés sont les suivants: 
2.75 ml (0.011 mole) d’hydroxyde de sodium 4 N et 1.24 g (0.011 mole) de chlorure de 
chloroacétyle. Rendement: 3 g (81.8%). Le dérivé chloroacétylé est recristallisé avec de 
l’alcool et de l’éther de pétrole. P.f. 172°. Anal. Calc. pour CisH2;0,N.Cl: N, 7.64%; 
Cl, 9.72%. Trouvé: N, 7.75%; Cl, 10.00%. 


Glycyl-amino-1 cyclopentane carboxyl-pL-phénylalanine (VIII) 

On traite comme précédemment, 2.0 g (0.057 mole) de N-chloroacétyl-amino-1 cyclo- 
pentane carboxyl-DL-phénylalanine par 200 ml d’ammoniaque concentrée. On obtient 
alors 1.2 g (63.1%) de glycyl-amino-1 cyclopentane carboxyl-pL-phénylalanine qui fond 
a 243-244°. Anal. Calc. pour Cy7H2;04N3: N, 12.60%. Trouvé: 12.55%. 


Glycyl-amino-1 cyclohexane carboxyl-pL-phénylalanine (IX ) 

On ajoute 2.5 g (0.0068 mole) de N-chloroacétyl-amino-1 cyclohexane carboxyl-DL- 
phénylalanine 4 200 ml d’ammoniaque concentrée, comme précédemment. On obtient 
2.0 g (84%) de glycyl-amino-1 cyclohexane carboxyl-pL-phénylalanine. On recristallise 
le tripeptide avec de l’eau et de l’éthanol. Le produit prend un aspect vitreux 4 environ 
155°, commence a se décomposer 4 200° et fond a 202-204°. Anal. Calc. pour CisHos 
O.N;: N, 12.10%. Trouvé: 11.92%. 


1,4-Diazaspiro [4.5]décanedione-2,5 (X ) 


On traite 8.0 g (0.043 mole) de glycyl-acide amino-1 cyclopentane carboxylique a 
180° et sous un vide de 0.03-0.04 mm pendant 6 heures, dans une fiole conique a succion 
de 1000 ml. On dissout le produit dans 100 ml d’eau bouillante et on traite par environ 
0.5 g de noir animal. La solution purifiée est ensuite évaporée 4 environ 60 ml. La dicéto- 
pipérazine cristallise au froid. Rendement: 6.0 g (81%), P.f. 275-277° (p.f. litt. 275- 
280°) (5). Anal. Calc. pour CsH 202Ne2: C, 57.12%; H, 7.20%; N, 16.67%. Trouvé: C, 
57.39%; H, 7.23%; N, 16.65%. . 


1,4-Diazaspiro[ 4.5]décanedione-2,5 (X ) 

On traite 8.0 g (0.043 mole) d’amino-1 cyclopentane carboxyl-glycine 4 180° et sous 
un vide de 0.03-0.04 mm pendant 6 heures, dans une fiole conique a succion de 1000 ml. 
On décante le produit non sublimé, constitué du peptide non cyclisé, et on dissout le 
produit sublimé sur les parois dans 25 ml d’eau bouillante. On traite par un peu de noir 
animal et on évapore la solution purifiée 4 environ 10 ml. La dicétopipérazine cristallise 
a froid. Rendement: 1 g (13.5%). P.f. 276-277° (p.f. litt. 275-280°) (5). Anal. Calc. 
pour CsH,,0.N2: C, 57.12%; H, 7.20%; N, 16.67%. Trouvé: C, 57.33%; H, 7.29%; 
N, 16.58%. 


Hydrolyse du 1,4-diazaspiro[ 4.5]décanedione-2,6 

On laisse bouillir 4 reflux pendant 48 heures 0.3 g (0.0018 mole) de 1,4-diazaspiro[4.5]- 
décanedione-2,5 en présence de 30 ml d’acide chlorhydrique 1 N. On préléve un aliquot 
de 1 ml a différents intervalles de temps, et on identifie par chromatographie les produits 
d’hydrolyse de ces différents échantillons. Les acides aminés et les peptides soumis a 
la chromatographie I’ont toujours été sous forme de chlorhydrates. 
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Le chromatogramme illustré par la figure 1 montre que la dicétopipérazine s’hydrolyse 
rapidement et qu’aprés 20 minutes, un lien peptidique est ouvert complétement. Mais 
aprés 10 minutes les deux peptides (I) et ([V) formés commencent a s’hydrolyser trés 
lentement et ce n’est qu’aprés 48 heures qu’ils disparaissent complétement. Le systéme 
de solvants utilisé est le suivant: n-butanol (225), acide acétique (75) et eau (25). Les 
deux peptides ayant des R, 4 peu prés identiques dans ce systéme de solvants, on doit, 
pour les séparer convenablement, utiliser d’autres solvants. Dans un mélange de s-colli- 
dine (1 partie), de lutidine-2,4 (85%) (1 partie) et d’eau (2 parties), le glycyl-acide 
amino-l cyclopentane carboxylique (IV) a un Ry, de 0.22 et l’amino-1 cyclopentane 
carboxyl-glycine a un R, de 0.35. 

Cette derniére chromatographie n'est utilisée que pour l’aliquot de 5 minutes, identifiant 
ainsi les deux peptides et prouvant que I’hydrolyse coupe de fagon non spécifique une 
des deux liaisons de la dicétopipérazine. Il ne semble pas que la formation d’un peptide 
soit favorisée plus que l'autre. 
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THE RADIO-FREQUENCY DIELECTRIC DISPERSION 
IN SOLID ETHYL STEARATE! 


D. W. Davipson 


ABSTRACT 


The dielectric properties of solid ethyl stearate were studied between —100° and the 
melting point at frequencies between 100 cycles/sec and 80 Mc/sec. The circular-arc locus 
lying within this frequency range in the 6 (tilted) form consists of a time-dependent and a 
time-independent part. It is more likely to arise from rotational disorder of tilted molecules 
than from regions of vertically stacked molecules. The width of the relaxation-time distri- 
bution function appears to decrease somewhat more rapidly with increasing temperature 
than would be expected for a temperature-independent distribution of heights of rotational- 
energy barriers. 


In spite of the common occurrence of dielectric-relaxation effects in the solid forms 
of polar derivatives of long-chained aliphatic compounds (1) there remains considerable 
doubt about their origin. One such compound is ethyl stearate, for which a number of 
experimental studies (2-4) have been published. In the most recent report (4), the radio- 
frequency dispersion in the 8 form of ethyl stearate has been attributed to the presence 
of metastable regions of vertically stacked molecules. 

‘The present report gives some recent results which bear on this question. 


EXPERIMENTAL METHODS 


Two samples of ethy] stearate were used: one (EK) was the Eastman Kodak White 
Label product, the other (PRL) a purified product provided by Dr. Burton M. Craig 
of the Prairie Regional Laboratory. Melting points determined by the capillary-tube 
method were 31.9 and 30.0° for the 8 and @ forms of the EK sample and 33.1 and 30.7° 
for the corresponding forms of the PRL sample. The latter are in close agreement with 
the values of Smith (33.3 and 30.9°, respectively) (5). 

Measurements were made at frequencies between 0.1 and 800 kc/sec with a capacitance 
bridge, and at frequencies between 80 and 80,000 kc/sec by the voltage-resonance method 
of Hartshorn and Ward (6). Measurements were made to below —100° with the bridge 
and to —35° with the Hartshorn—Ward apparatus. In the latter the micrometer head 
containing the sample was enclosed in a Lucite box through which cold air was circulated. 

All solid samples were prepared by cooling the melts in the dielectric cells. For exami- 
nation at low temperatures the samples were rapidly cooled so as to ‘‘freeze-in”’ a sufficient 
number of defects to ensure sufficient dispersion for accurate measurement. 


RESULTS 


In Fig. 1 the dielectric constant of the EK sample is plotted vs. temperature for two 
separate cycles, starting from the liquid, at cooling and heating rates of ca. 3° per hour. 
In the first cycle freezing into the a phase (e = ~ 2.95) was followed by conversion into 
the 8 phase, which was complete at 20°. The shape of the curve in the a — 8 trans- 
formation region depends on the rate of cooling and on the purity of the sample, the 
transformation being more rapid for the PRL than for the EK sample. In the second 

‘Manuscript received February 16, 1961. 
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Fic. 1. Phase changes in ethyl stearate. : 
Fic. 2. Time dependence of e’’ at 15 Mc/sec and 24°, following freezing. 


cycle the a form was melted before an appreciable amount of the 8 form had been formed. 
It is apparent that the melting point of the a form is lower by about 2° than that of the 
8 form. 

Figure 2 shows the dependence on time of the dielectric loss of the PRL sample at 
24°, measured at a frequency near that of the loss maximum of the 8 form. The zero of 
time was taken at the first appearance of solid (a form) in the melt. At 24°, conversion to 
the 8 form starts within 30 minutes of freezing and is thereafter rapidly completed. 

Typical complex plane loci for the PRL sample are illustrated in Fig. 3. Except for 
an upward turn at low frequencies (particularly marked for these rapidly cooled samples), 
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Fic. 3. Cole—Cole plots for 8-phase ethy! stearate. 





these loci are circular arcs, with centers below the real axis. Data obtained with the 
resonance device (like those shown at 272.6° K) give more uncertain arcs than bridge 
data. This arises primarily from the inaccuracy of the e’ values, as may be seen from the 
results shown in Fig. 4. Analysis of the resonance results was based on ¢’’ values alone. 

Typical dielectric parameters are listed in Table I. For the bridge measurements, 


TABLE I 
Dielectric parameters of ethyl stearate (PRL sample) 





Phase T (°K) To (sec) €0 Ae 








8 204. 
215. 
226 . ¢ 
244.6 
255.‘ 
272.6 


297 . 2 


.29X10~ 
.04X 107% 
47X10 
.85X 10-> 
.04X1077 
.58X 10-5 
.40X 107° 


517 

461 .312 

469 .326 

486 .330 

467 .31l ; : 

50 4 ; ; Resonance 
50* : 27* 

.95 

.106 


INI OUR e100 
i? 


d ‘ 
eo So NNNHNWNWNHN 


a 


Liquid 301.4 
(supercooled ) 
312.0 3.031 


*Sixteen hours after freezing. 


eo and €, were the low- and high-frequency intercepts of the circular arcs with ¢’’ = 0, 
and Ae = e9—e€;. The most probable relaxation time 7, and the distribution parameter 
a were determined from plots of log v/u vs. log f, where v? = (e9—e’)? +(e”)? and « = 
(e’—e)?+(e’’)?. For Cole—Cole arcs (7), log v/u = (1—a) (log f+log 2479). Figure 5 shows 
such a plot of the data at 215.6° K. 

For the resonance data, Ae was determined from the area of the e 
and @ from tan (l—a@)a/4 = 2emax/Ae (7). 


” 


vs. log f plot (8) 
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Fic. 4. 8-Phase ethyl stearate at 24°. 
Fic. 5. Method of determining 7» and @ from bridge data. 


The results given for bridge measurements in Table I refer to the same solid sample; 
no dependence on time was observed at these temperatures. The amplitude, but not the 
frequency characteristics, of the dispersion—absorption region varied considerably with 
the thermal history of the sample. At room temperature the magnitude of the dispersion 
decreased slowly with time, as is shown by the decay of the loss in Fig. 6. The decay 
was approximately exponential, with a time constant of some 24 hours. After several days 
the loss had fallen to about one half of its initial value and no further reduction was 


apparent. 

The linear dependence of log ro on 1/T (Fig. 7) formally gives an activation energy 
of 13.7 kcal/mole, in agreement with the value 13 kcal/mole reported by Dryden and 
Dasgupta (3) from measurements in the vicinity of room temperature and with the 12.7 
kcal/mole value obtained by Broadhurst and Fitzgerald (4) for temperatures between 
ca. —80 and —30°. 
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Fic. 6. Time dependence of e’’ of 8-phase ethyl stearate at 24° and 15 Mc/sec. 
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Fic. 7. Dependence of relaxation time on temperature. 
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DISCUSSION 


Variation of Width of the Distribution Function of Relaxation Times with Temperature 

Broadhurst and Fitzgerald reported (4) a value of 0.39 for the distribution parameter a, 
a value obtained from measurements at —65° (private communication from Professor 
Fitzgerald). As is evident from Fig. 8, our results indicate that a decreases rapidly with 











| | 
220 300 





Fic. 8. Variation of a with temperature: @ bridge, O resonance measurements. 


increasing temperature. Such a trend is to be expected from the presence of a finite 

distribution in heights of the energy barriers to orientation of dipoles. It is of interest 

to attempt to estimate quantitatively the temperature-dependence of a in such a case. 
The distribution function (7) for relaxation times G(s)ds, where s = In, (7/79), may 

be replaced by a distribution in barrier heights B, where B is-related to the relaxation 

time by r/ro = exp (B/T): 

se et ————— OB. 

2x7 |cosh (1—a)B/T—cos at] 





H(B)dB = 


If the distribution of barrier heights does not depend on temperature, the integral 


B 
f H(B)dB = Te a | tanh (i—a)B eon toate 


(l—a)r 27 2 


is independent of temperature. If a is known at some temperature, a may then be 
computed for some other temperature for various assumed values of B. The value so 
obtained is found to be somewhat dependent on B, which implies that the assumption 
of a temperature-independent distribution of barrier heights is not strictly compatible 
with maintenance of the circular-arc locus as the temperature is changed. However, the 
variation of a with B is small for B’s which contribute appreciably to the relaxation 
behavior. 

It is evident from Table II that over-all values of a of 0.31 at 250° and 0.265 at 300° K 
lead to approximately the same integral distribution in B as that given by the experi- 
mental value of a (0.38) at 200° K. The experimental values of a (Fig. 8) decrease some- 
what more rapidly than these “predicted’’ values. This suggests that the breadth of the 
barrier distribution function decreases as the temperature is raised. 
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TABLE II 
Integrated distribution function [(B) = f?_ H(B)dB j 





= 200° a=0.31, T = 250° a = 0.265, T 


i 0.001 

.022 .025 

.078 .081 

179 -178 
286 283 
386 383 
.500 .500 

For positive values of B, 1(B) = 1—I(—B). 





It is worth noting that the range of barrier heights corresponding to the distribution 
of relaxation times is small in comparison with the actual magnitude of the barriers. 
Thus at 200° K half the relaxation occurs across barrier heights which lie within BR = +0.5 
kcal/mole of the 14 kcal/mole value of the most probable barrier height given by the 
energy of activation. 

The variations with temperature of bridge values of Ae and e’’max for the same rapidly 
cooled sample are shown in Fig. 9. The fall in ¢’’max with decreasing temperature, observed 

















Fic. 9. Variations of e’’max and Ae with temperature. 
pe 


also by Broadhurst and Fitzgerald, reflects the increase in a, since Ae is approximately 
constant. 


Origin of the Dispersion 

There can be little doubt that the dispersion and absorption effects observed at radio 
frequencies are related to defects in the crystal structure. The amplitude of these effects, 
but neither the most probable relaxation time nor the width of the distribution of re- 
laxation times, depends appreciably on the thermal history of the sample. Measurements 
in the vicinity of room temperature indicate that the amplitude of absorption ultimately 





1328 CANADIAN JOURNAL OF CHEMISTRY. VOL. 39, 1961 


reaches a steady value, rather than falling to zero. This suggests that in general the 
absorption is the sum of two terms, one arising from the presence of defects intrinsic 
in the sample at the temperature of measurement, and the second from the presence of 
defects in excess of the “equilibrium’’? number by an amount which depends on the 
thermal history. At low temperatures the rate of disappearance of excess defects is so 
slow that they are effectively ‘frozen-in’. The loss observed is then considerably higher 
than that corresponding to the ‘“‘equilibrium’’ number of defects. In Fig. 9 the lowest 
curve is an extrapolation from higher temperatures of the equation for the equilibrium 
value of émax reported by Dryden and Dasgupta (3). For a sample maintained several 
days at room temperature, however, our é’’max agreed with the equilibrium value given 
by their equation (0.08) (but not with the value shown in their Fig. 1). 

It is apparent that the dispersion cannot arise from the presence of regions of vertically 
stacked molecules of the type originally produced on freezing of the sample, since the 
latter phase shows no dispersion in this frequency range. The possibility has been con- 
sidered (4) that a second vertical form may be responsible for the dispersion. This sugges- 
tion is not supported by a number of factors: 

(1) The X-ray photographs of freshly frozen samples show (9) a single long spacing 
which is quite rapidly replaced completely by a second, somewhat shorter, long spacing. 
The size of the contribution of the dispersion to the static dielectric constant (0.2 to 0.4 
or more at room temperature) is an appreciable fraction of the contribution of the rotating 
dipoles in the liquid state (0.8 to 0.9, extrapolated to room temperature). This seems to 
indicate that an appreciable fraction (of the order of one third) of the molecules in the 
8 phase at room temperature are capable of contributing to the polarization, despite the 
X-ray evidence for the absence of a vertical form. This does not necessarily imply that, 
according to the model of vertical packing, about one third of the molecules need exhibit 
vertical packing, since one defect might affect the ability of several molecules to orient. 
However, the case in which the effective defect population is least, that of single, or 
small groups of, defect molecules, is precisely the case which is least attractive thermo- 
’ dynamically for defects which consist of molecules whose long axes are considerably 
inclined to the long axes of neighboring molecules. 

(2) It appears unlikely that parts of the sample can remain indefinitely frozen into a 
vertical structure, when a good part of the dispersion disappears at a finite rate. 

(3) Broadhurst and Fitzgerald (4) found that the dispersion shown by the solidified 
form of a 10% solution of ethyl stearate in heneicosane was similar to that shown by 
pure ester, except for the magnitude of the dispersion, which was only about 10% as 
great. These workers have inferred, since heneicosane exists only in vertical modifications, 
that ethyl stearate in the solid solution occurs in a vertical form. However, the effect of 
the ester on the crystal form of the hydrocarbon is not known. Moreover, one should 
have expected the dispersion, per ethyl stearate molecule, to be much greater in the 
solution (where all the molecules are vertically packed) than in the pure ester (where 
groups of vertically packed molecules constitute defects in a tilted form). 

Perhaps the most satisfactory model is one which takes the defects to consist of mole- 
cules whose carbon chains lie in planes which make appreciable angles with the planes 
of neighboring molecules, that is, which have been considerably rotated about their long 
axes from their most stable positions. Positions of relative stability would occur at 
angles of rotation determined by the crystalline field but separated from coplanarity 
with neighboring molecules by a high rotational barrier. Dryden and Meakins (1) suggest 
that positions of relative stability exist for angles of rotation of about 90°. 





DAVIDSON: RADIO-FREQUENCY DIELECTRIC DISPERSION 1329 


Considerable uncertainty about the nature of the dispersion process remains. A vertical- 
type defect is not definitely excluded. It is possible that a detailed X-ray or wide-band 
nuclear magnetic resonance study would prove useful. 

Interfacial polarization in the microcrystalline solid is probably responsible for the 
low-frequency effects (see Fig. 3), which seem to depend even more on rate of cooling 
than does the radio-frequency dispersion. 
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A NEW QUATERNARY APORPHINE FROM 
FAGARA TINGUASSOIBA HOEHNE! 


N. V. Rieos,? L. ANTonaccio,? AND L&o MARION 


ABSTRACT 


An alkaloid isolated as picrate from Fagara tinguassoiba gives rise on methylation to a 
derivative of glaucine. It has been shown to be the 6-hydroxy-2,3,5-trimethoxy-N,N-di- 
methylaporphinium ion. 


An extract of the bark of the Brazilian plant, Fagara tinguassoiba Hoehne, has yielded 
an alkaloid which has been isolated as a picrate. We have been able to investigate the 
structure of this alkaloid and are now reporting our results. 

Passage of a solution of the crude picrate through a strong base ion-exchange resin 
gave a water-soluble base, C2:H27O5N, converted by hydriodic or hydrochloric acid into 
the corresponding halide, Co:H2O,NX, containing three methoxyl groups. The ultra- 
violet absorption spectra of the base and chloride in the absence of added alkali were 
nearly identical and resembled closely that of glaucine. The presence in the chloride 
of the fourth oxygen atom as a phenolic hydroxyl group was suggested by the large 
displacement to longer wavelength in its spectrum on addition of alkali; in agreement, a 
monoacetate was formed on gentle acetylation. The alkaloid was apparently a phenolic 
quaternary aporphine, probably oxygenated in positions 2, 3, 5, and 6, since oxygenation 
in positions 3, 4, 5, and 6 leads to light absorption of much lower intensity in the vicinity 
of 300 my than that observed in the present case (1, 2). 

N-Methylisocorydine, a quaternary representative of the latter oxygenation class, 
has been isolated from Fagara coca (3), and from Australian Zanthoxylum species (4, 5), 
but its picrate has a much higher melting point, and its chloride a much greater optical 
rotation than the melting point and rotation of the corresponding derivatives of the 
F. tinguassoiba alkaloid. Confirmation of the suggested oxygenation pattern in the 
present case was obtained by O-methylation of the iodide to give a product which by 
m.p., mixed m.p., infrared spectra, and X-ray powder diagrams proved identical with 
N-methylglaucinium (Ia) iodide. Two-stage Hofmann degradation of the O-methylated 
chloride gave 3,4,6,7-tetramethoxy-1l-vinylphenanthrene (IIa) (but see Experimental 
section). 

The phenolic hydroxyl group of the parent substance was not in position 5, since the 
product of O-ethylation of the phenolic quaternary iodide differed from O-ethyl-N- 
methylglaucentrinium (Ib) iodide (6). A generous sample of the latter was kindly pro- 
vided by Dr. R. H. F. Manske, but unfortunately the so-far unknown vinyl derivative 
IId of the two-stage Hofmann degradation polymerized during evaporation of its ethereal 
solution so that it could not be compared with the ethoxytrimethoxyvinylphenanthrene 
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RIGGS ET AL.: QUATERNARY APORPHINE 


OMe 


II 


R = R’ = Me IIa: R = R’ = Me 

R = Me, R’ = Et Ild: R = Me, R’ = Et 
R =H, R’ = Me IIc: R = Et, R’ = Me 
R = Ac, R’ = Me 

R = Et, R’ = Me 


obtained from our alkaloid.‘ This last degradation product from our alkaloid was, how- 
ever, different from the known 6-ethoxy-3,4,7-trimethoxy- and 7-ethoxy-3,4,6-tri- 
methoxy-1-vinylphenanthrene (7). It was oxidized to an acid which must be 3-ethoxy- 
4,6,7-trimethoxyphenanthrene carboxylic acid. Elimination of trimethylamine in the 
second stage of the Hofmann degradation incidentally showed the presence of an N,N- 
dimethyl group in the parent alkaloid; it is difficult to understand why exhaustive 
Herzig—Meyer analysis of the phenolic quaternary chloride gave a value close to that 
for only one N-methyl group, whereas a value close to the theoretical for two N-methyl 
groups was obtained with N-methylisocorydinium chloride (3). 


The quaternary alkaloid isolated as picrate from F. tinguassoiba is therefore the 
6-hydroxy-2,3,5-trimethoxy-N,N-dimethylaporphinium (Ic) ion. 


EXPERIMENTAL 


All melting points were taken on a hot-stage under a microscope. The ultraviolet 
absorption spectra were determined in 95% ethanol on a Carey Model 11 recording 
spectrophotometer. Infrared absorption spectra were measured on a Perkin-Elmer 
double-beam Model 21 spectrophotometer equipped with sodium chloride optics, and 
in Nujol mulls. Except as otherwise noted, samples for analysis were dried in a -vacuum 
at 100° for up to 20 hours. 


Isolation of the Alkaloid 

The ground bark of F. timguassoiba Hoehne (2K) was extracted with ethanol, the 
extract evaporated to a small bulk, acidified to Congo red with hydrochloric acid, 
and washed with ether. The residual viscous solution left after extraction with ether 
was diluted with water, alkalized with sodium hydroxide, and extracted with chloro- 
form. The aqueous alkaline solution was acidified with hydrochloric acid and treated 
with mercuric chloride. The precipitated complex was filtered, and the regenerated base 
isolated as the crystalline picrate, wt. 55.3 g. The picrate was recrystallized from a 
large volume of ethanol from which it separated as yellow needles, m.p. 118—-124°, which 

‘Some polymerization of the vinylphenanthrene from authentic glaucine methiodide also occurred, but none 
was observed when Hofmann degradation of the O-alkylated chlorides was carried through to the vinylphenan- 
threnes without purification of the intermediates; some occurred, however, when purified O-ethylated 1odide was 
degraded. It is possible that polymerization, perhaps initiated by traces of peroxide in the ether used for extraction, 


is inhibited by phenolic material that escapes alkylation and is extracted in trace amounts from the alkaline 
solutions. 
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browned and became sticky on being dried at 100°. For analysis the picrate was dried 
at 56° at 0.5 mm for 20 hours. Found: C, 55.51; H, 5.39; N, 8.92. Calc. for Co;3H2.OQ4N. 
Ce6H20;N;3.C2H,;OH: C, 55.25; H, 5.46; N, 8.89%. This product or the original picrate 
formed prisms from aqueous acetone, m.p. 146-151°. Found (after drying at 80° at 
0.5 mm for 20 hours): C, 55.29; H, 5.06; N, 9.30. Calc. for Co:xH204N.Cs5H207N;: C, 
55.47; H, 4.83; N, 9.59%. N-Methylisocorydinium picrate has m.p. 202—204° (3). 


6-Hydroxy-2,3,5-trimethoxy-N,N-dimethylaporphinium (Ic) Hydroxide 

A solution of the picrate (2 g) in a mixture of acetone (80 ml) and methanol (20 ml) 
was passed down a column of Amberlite IRA 400 (OH) (16 g), the deep red band formed 
extending nearly to the bottom of the column. The darkening eluate was rapidly evapor- 
ated to dryness at 60° under reduced pressure. The crystalline residue was readily soluble 
in water, methanol, or ethanol. Addition of several volumes of acetone to the ethanolic 
solution caused separation of long needles which were promptly filtered, washed with 
acetone, and dried overnight in a vacuum desiccator over potassium hydroxide pellets 
and concentrated sulphuric acid. The dried product melted at ca. 120° (decomp.). Found: 
C, 67.03; H, 7.53; N, 3.62. Calc. for CoiH2,05N: C, 67.54; H, 7.23; N, 3.75%. Ultra- 
violet spectrum: Amex 228 my, log € 4.57; Amax 270 mu (sh), log € 4.00; Amax 281 muy, 
log € 4.10; Amax 307 mu, log € 4.18; Amax 321 my (sh), log « 4.04. The base darkened on 
being kept, and discolored rapidly in ethanol solution. If the eluate from the column, 
or a suspension of the product in acetone were kept for several hours, the mixture became 
dark brown, presumably owing to condensation of the acetone in the presence of the 
strong quaternary base, and little or no crystalline product could be obtained. The 
sparing solubility of the picrate in any other of the common volatile solvents required 
the use of acetone containing some water or methanol on the ion-exchange column. (No 
exchange occurred with acetone alone as solvent.) Satisfactory results were obtained as 
described in the following sections. 


6-Hydroxy-2,3,5-trimethoxy-N,N-dimethylaporphinium (Ic) Iodide 

The eluate from the column was run directly into a slight excess of hydriodic acid 
diluted with methanol. The brownish eluate was evaporated to a gum which crystallized 
on treatment with warm methanol and ether. Recrystallization from acetone—methanol- 
ether gave buff-colored leaves, m.p. 226-229° (decomp.). Found: C, 52.04; H, 5.54; 
I, 26.40; OCHs, 18.61. Calc. for Co3H269O4NI: C, 52.17; H, 5.42; I, 26.25; 30CHs;, 19.26%. 


6-Hydroxy-2,3,5-trimethoxy-N,N-dimethylaporphinium (Ic) Chloride 

The eluate from the column was run directly into a slight excess of hydrochloric acid. 
The eluate remained practically colorless for several hours. Evaporation to dryness as 
above and recrystallization of the residue from methanol—acetone gave the chloride as 
long colorless needles, m.p. 215—219° (decomp.), [a]p** +30.2° (c, 2.16 in water). Found: 
C, 63.73; H, 6.95; OCH3, 23.59; (N).CHs3, 3.57. Calc. for CosH2604NCl: C, 64.35; H, 
6.69; 30CHs3, 23.74; 1(N).CHs, 3.83%. Ultraviolet absorption (in neutral 95% ethanol): 
Amax 228 muy, log ¢ 4.60; Amax 271 my (sh), log € 4.02; A;wax 281 muy, log € 4.12; Amax 307 mu, 
log € 4.21; Amax 321 my (sh), log e 4.06. (In 0.3 N sodium hydroxide in 95% ethanol): 
very strong below 230 mu, Amax 250 mu (sh), log € 4.40; Amax 265-270 my (sh), log « 
4.29; Amax 347 muy, log « 4.19. 

N-Methylisocorydinium chloride has m.p. 217—218° (decomp.) on slow heating, and 
[a]p*® +169° (c, 0.22 in water) (3). 
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6-.\cetoxy-2,3,5-trimethoxy-N,N-dimethylaporphinium (Id) Chloride 

A sample (128 mg) of the above product was warmed with acetic anhydride (2 ml) 
and pyridine (0.25 ml) for 1 hour. Evaporation to dryness on the steam bath under 
reduced pressure, and recrystallization of the residue from methanol—acetone—ether gave 
small prisms, m.p. 234-238°. Found: C, 63.47; H, 6.39. Calc. for C2s3H2sOsNCI: C, 63.66; 
H, 6.54%. 
2,3,5,6-Tetramethoxy-N,N-dimethylaporphinium (Ia) Iodide 

A solution of the iodide of Ic in ice-cold methanol was treated with an excess of 
ethereal diazomethane for 24 hours, gas evolution ceasing after 6 hours. More ethereal 
diazomethane was added and after 24 hours the yellow mixture was evaporated under 
reduced pressure to a brown gum. Treatment with methanol and ether gave a heavy 
brown oil, and nearly colorless needles appeared in the supernatant liquor. Recrystal- 
lization from methanol-ether gave needles softening in the range 200—-210° then melting 
sharply at 216-217° to a dark brown liquid. Glaucine methiodide (prepared from an 
authentic sample of glaucine provided by Dr. R. H. F. Manske) and a mixture of the 
two specimens behaved identically on the hot-stage. Debye—Scherer diagrams of the 


two were identical and the infrared absorption spectra in Nujol mulls of glaucine methiodide 
and the product were superimposable. 


3,4,6,7-Tetramethoxy-1-vinylphenanthrene (IIa) 

A solution of the chloride of Ic (1.00 g) in ice-cold methanol (20 ml) was treated with 
an excess of ethereal diazomethane (from 3.0 g N-nitrosomethylurea). After 18 hours 
the reaction mixture was evaporated to a syrup which was dissolved in methanol (10 ml) 
and heated on the steam bath with 10% aqueous sodium hydroxide (10 ml) for 1 hour 
in an open flask. The cooled aqueous residue was extracted with ether, heated again 


for 1 hour, and after being cooled extracted once more with ether. The combined ether 
extract on evaporation yielded a resinous methine base (380 mg) which was converted 
to the methiodide and treated as above with aqueous methanolic sodium hydroxide. 
The product (234 mg) formed plates, m.p. 141-143°, from methanol. Found: C, 73.94; 
H, 5.98. Calc. for CooH 2904: C, 73.98; H, 6.22%. It was apparently identical (mixed m.p. 
and infrared spectrum) with a sample of 3,4,6,7-tetramethoxy-1-vinylphenanthrene 
(Ila) obtained by similar two-stage Hofmann degradation of N-methylglaucinium 
iodide, but the Debye—Scherer diagrams of the two were not identical. The latter result 
may arise from a difference in crystal form, but repeated attempts to purify the reference 
sample by chromatography and recrystallization have given material contaminated by 
a persistent flocculent impurity, possibly polymerized compound. The product from the 
new alkaloid was oxidized by potassium permanganate in acetone solution to a carboxylic 
acid, m.p. 207-215°, after crystallization from aqueous methanol, and m.p. 220—223°, 
after recrystallization from benzene—hexane. 

Barger and Silberschmidt (8) report for 3,4,6,7-tetramethoxy-1-vinylphenanthrene, 
m.p. 142°, and for the corresponding 1-carboxylic acid recrystallized from aqueous 
acetone or benzene—ligroin, m.p. 215°. The small quantity of our product did not crystal- 
lize well from aqueous acetone. 


6-Ethoxy-2,3,5-trimethoxy-N,N-dimethylaporphinium (Ie) Iodide 

A solution of the iodide of Ic (1.00 g) in ice-cold ethanol (50 ml) was treated with an 
excess of ethereal diazoethane (from 1.5 g N-nitrosoethylurea) for 24 hours. The same 
quantity of ethereal diazoethane was then added and after 24 hours the mixture was 





1334 CANADIAN JOURNAL OF CHEMISTRY. VOL. 39, 1961 


evaporated to dryness under reduced pressure. Twice crystallized from methanol—ether 
the residue formed colorless silky needles, m.p. 216-220° (decomp.), readily soluble in 
chloroform. Found: C, 54.10; H, 6.04; I, 24.71; OR (calc. as OCHs), 23.94. Calc. for 
Co3H300O,4NI: C, 54.04; H, 5.91; I, 24.81; 4XOR (calc. as OCH:s), 24.27%. 

The product was different from O-ethyl-N-methylglaucentrinium (1b) iodide. Part of 
a sample of the latter provided by Dr. R. H. F. Manske was twice recrystallized from 
methanol-ether, and formed prisms, m.p. 205-207°, and was sparingly soluble in chloro- 
form. It was also obtained in needles having a Debye—Scherer diagram identical with 
that of the prisms, and different from that of the above product. 


3-Ethoxy-4,6,7-trimethoxy-1-vinylphenanthrene (IIc) 

The iodide of Ie was degraded with aqueous methanolic sodium hydroxide in two 
stages as in the preparation of 3,4,6,7-tetramethoxy-1-vinylphenanthrene (IIa) to give 
some amorphous material, sparingly soluble in ether, together with a product extracted 
by ether and forming plates, m.p. 106—108°, from methanol. Similar degradation of the 
syrupy product of ethylation with ethereal diazomethane of the chloride of Ic gave 
little amorphous material. The main product was extracted by ether. The extract was 
washed thoroughly with aqueous sodium hydroxide, dried, and chromatographed on 
basic alumina. The eluate yielded leaves, m.p. 106—108°, undepressed in admixture with 
the above vinyl derivative obtained from the iodide. Found: C, 73.92; H, 6.36; OR 
(calc. as OCH3), 36.32. Calc. for Co:H2204: C, 74.53; H, 6.56; 4KOR (calc. as OCHS), 
36.68%. 

6-Ethoxy-3,4,7-trimethoxy-l-vinylphenanthrene has m.p. 141°, and 7-ethoxy-3,4,6- 
trimethoxy-1-vinylphenanthrene has m.p. 142°; these melting points are depressed on 
admixture of the compounds with one another or with 3,4,6,7-tetramethoxy-1-vinyl- 
phenanthrene, m.p. 142° (7). 

The vapors of the second stage of the degradation were collected in methanolic picric 
acid. Evaporation of the solution to dryness and crystallization of the residue from ethyl 
acetate - ether gave yellow needles, m.p. 214-216°. (The recorded melting point for 
trimethylamine picrate is 216°.) 

Similar degradation of O-ethyl-N-methylglaucentrinium (1b) iodide gave a product 
which at first crystallized on evaporation of its ethereal solution. Addition of a later 
extract and evaporation left an amorphous product which failed to crystallize from 
methanol and reduced potassium permanganate very slowly in acetone solution; a crystal- 
line acidic product was not obtained from the oxidation mixture. 


3-Ethoxy-4,6,7-trimethoxyphenanthrene-1-carboxylic Acid 

The vinylphenanthrene (IIc) (210 mg) in pure acetone (20 ml) at room temperature 
was oxidized with a saturated solution of potassium permanganate in pure acetone, 
added in portions (1 ml) until the color persisted for 30 minutes. The acidic product 
was obtained by addition of water and sulphur dioxide, evaporation of the acetone, 
and extraction into ether. The extract was washed with aqueous sodium hydrogen 
carbonate, dried, and chromatographed on silica. The eluate on evaporation left a 
residue which crystallized from a large volume of aqueous acetone as fawn needles, 
m.p. 196-198°. Found: C, 67.47; H, 5.49; OR (calc. as OCH), 34.75. Cale. for CooH2oO¢: 
C, 67.40; H, 5.66; 4XOR (calc. as OCH), 34.82%. Prismatic needles of the same melting 
point, but retaining tenaciously a trace of orange coloring matter, were obtained from 
more concentrated solutions in aqueous acetone, and gels formed when solutions in hot 
benzene were cooled, with or without addition of hexane. 
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7-Ethoxy-3,4,6-trimethoxyphenanthrene-1l-carboxylic acid has m.p. 213° (unsharp) 
when crystallized from acetone (7), or m.p. 222-223° when crystallized from benzene (9). 
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IMIDAZOLE SULPHONAMIDES AND RELATED COMPOUNDS! 


M. H. FisHer, W. H. NicHoLtson, AND R. S. STUART 


ABSTRACT 


The preparations of a number of imidazole sulphonamides and related compounds are 
described. 


INTRODUCTION 

The interest in heterocyclic sulphonamides as diuretic agents (1) prompted us to 
prepare a number of imidazole sulphonamides and related compounds for investigation. 
The syntheses of those compounds which have not been previously reported are described 
in this communication. 

4-Chloro-l-methylimidazole (2) and 5-chloro-l-methylimidazole (3) were chloro- 
sulphonated with chlorosulphonic acid and the sulphony] chlorides were converted into 
the sulphonamides (I) and (II) with concentrated ammonia. 4(5)-Bromo-5(4)-sulphamyl- 
imidazole (4) was converted into the acetylsulphonamide (III) with acetic anhydride, 
in the usual way. 


as N C—SO.NH: N——_—-C—Br 
i} | il | 

C—SO.NH, HC be HC C—SO.NHCOCH; 
/ Pa ee 


% P 


N N I 
| | H 
CH; CHs 


(1) (11) ‘(II1) 


The halo compounds could not be converted into amines by treatment with alcoholic 
ammonia at an elevated temperature in a sealed tube. Bennett and Baker (4) showed 
similar inertness of the bromine atom in 4(5)-bromo-5(4)-sulphamylimidazole. 

4,5-Bis(ethoxycarbonyl)-2-mercaptoimidazole (5) was converted into the sulphony]l 
chloride by oxidative chlorination in dilute hydrochloric acid. A brief treatment with 
concentrated ammonia gave the sulphonamide (IV). This ester on standing in concen- 
trated ammonia or hydrazine for several hours was converted into the diamide (V) and 
the dihydrazide (VI). 


N———-C—COOC:H; N———-C—CONH:; N———C—CONHNH: 
iT] 


N | N l N | 
NH,SO,—C C—COOC:H; NH.SO-.—C C—CONH:, NH.SO,—C C—CONHNH, 
ee i ae 


'N \ N 
H H H 
(IV) (V) (VI) 

Attempted conversion of the diamide into a xanthine with alkaline hypobromite (6) 
was unsuccessful. The dihydrazide with dilute hydrochloric acid gave a substance of 
undetermined structure rather than the expected dihydroxypyridazine (7). 

The acid chloride of 5-carboxy-1-methyl-4-nitroimidazole (8) with hydroxylamine 
gave the expected hydroxamic acid (VII). However, with hydrazine under a variety of 
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conditions only the 1,2-disubstituted hydrazine (VIII) could be isolated. Reaction with 
benzenesulphonylhydrazine gave the normal benzenesulphonylhydrazide (IX). 


N C—NO, N———C—NO, NO,—C———-N N———C—NO; 
I i 


HC b conHoH Ht: —CONHNHOC—C buy HC ¢_conHNHso, <> 
om ee Sacot ee ' 


N 
| 
CH; 

(VII) (VILL) (IX) 


4(5)-Ethoxycarbonyl-2-methylimidazole (9) refluxed with hydrazine in methanol gave 
the hydrazide (X). 
N———C—CONHNH; 


| | 
CH;—C CH 
2 


H 
(X) 


EXPERIMENTAL 
4-Chloro-1-methyl-5-sulphamylimidazole (I) 

.4-Chloro-1-methylimidazole (8 g) dissolved in chlorosulphonic acid (48 ml) was 
refluxed for 2 hours. The solution was cooled and poured on to ice. The sulphonyl chloride 
was collected, washed with a little water, and dissolved in concentrated ammonia. After 
15 minutes the excess of ammonia was evaporated and the solution was acidified with 
hydrochloric acid. The product was collected and crystallized from water as white needles 
(2.1 g), m.p. 164-165°. Found: C, 24.5; H, 3.22; N, 21.4; S, 16.4. Calc. for CgHgCIN;0.S: 
C, 24.6; H, 3.07; N, 21.5; S, 16.4%. 
5-Chloro-1-methyl-4-sulphamylimidazole (IT) 

This compound was prepared from 5-chloro-l-methylimidazole (12 g) in a similar 
manner. Recrystallization from water gave white needles (5.4 g), m.p. 188-189°. Found: 
C, 24.9; H, 3.24; N, 21.3; Calc. for CsHgCIN;O.S: C, 24.6; H, 3.07; N, 21.5%. 
4(5)-Acetylsulphamyl-5( 4 )-bromoimidazole (III) 

4(5)-Bromo-5(4)-sulphamylimidazole (5 g) and acetic anhydride (50 ml) were refluxed 
for 1 hour and then cooled. The solid which crystallized was collected and recrystallized 
from water as white needles (2.4 g) m.p. 247-248°. Found: C, 22.3; H, 2.3; N, 15.4;S, 11.9. 
Calc. for CsHsBrN;0,S: C, 22.4; H, 2.2; N, 15.7; S, 12.0%. 
| ,5-Bis(ethoxycarbonyl)-2-sulphamylimidazole (IV) 

4,5-Bis(ethoxycarbony])-2-mercaptoimidazole (1 g) was suspended in 2 N hydrochloric 
acid (10 ml) and cooled in an ice bath. Chlorine gas was passed gently through the 
solution for 25 minutes. The sulphonyl chloride was collected, washed with a little water, 
and dissolved in concentrated ammonia (10 ml). After 10 minutes the excess of ammonia 
was evaporated and the solution was acidified with hydrochloric acid. The product was 
collected and crystallized from water as white needles (0.65 g), m.p. 235-236°. Found: 
C, 37.4; H, 4.47; N, 14.4;S, 11.1. Calc. for CsHi3N;0,S: C, 37.1; H, 4.96; N, 14.4;S, 11.0%. 
4,5-Dicarbamyl-2-sulphamylimidazole ( V ) 

4,5-Bis(ethoxycarbony])-2-sulphamylimidazole (0.4 g) was dissolved in concentrated 
ammonia (10 ml) and allowed to stand at room temperature for 3 days. The excess of 
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ammonia was evaporated and the solution was acidified with hydrochloric acid. The product 
was collected and crystallized from a large volume (100 ml) of water as white needles 
(0.2 g), m.p. >300°. Found: C, 25.5; H, 3.05; N, 29.6; S, 13.9. Calc. for CsH;N,O38: 
C, 25.8; H, 3.01; N, 30.1; S, 13.8%. 


4,5-Bis( hydrazinocarbonyl )-2-sulphamylimidazole ( VI) 

4,5-Bis(ethoxycarbonyl)-2-sulphamylimidazole (2.5 g) was dissolved in 30% hydrazine 
(50 ml) and allowed to stand at room temperature for 1 day. The solution was evaporated 
almost to dryness then diluted with water and acidified with glacial acetic acid. The 
product was collected and crystallized from water as small white needles (1.5 g), m.p. 
>300°. Found: C, 23.0; H, 3.45; N, 37.5; S, 12.3. Calc. for CsHyN7O,S: C, 22.8; H, 3.42; 
N, 37.2; S, 12.2%. 


1-Methyl-4-nitroimidazole-5-hydroxamic acid (VII) 

The acid chloride of 5-carboxy-1-methyl-4-nitroimidazole (11 g) dissolved in chloro- 
form (25 ml) was added dropwise with stirring at 0—5° to a solution of hydroxylamine 
hydrochloride (5 g) and sodium hydroxide (9 g) in water (50 ml). The dark red solution 
was acidified at 0° with hydrochloric acid. The product which precipitated was collected 
and crystallized from ‘‘cellosolve’’ as white needles (3.5 g), m.p. 200° (sintered), 308° 
(decomp.). Found: C, 32.5; H, 3.31; N, 30.6; Cale. for CsHsN.O4: C, 32.3; H, 3.23; 
N, 30.2%. 

1 ,2-Bis( 1-methyl-4-nitro-5-imidazolylcarbonyl )-hydrazine (VIII) 

The acid chloride of 5-carboxy-1-methyl-4-nitroimidazole (18 g) dissolved in chloro- 
form (180 ml) was added dropwise, with stirring and cooling, to a solution of 95% 
hydrazine (7 ml) in chloroform (180 ml). After 30 minutes the orange product was col- 
lected, dissolved in water, and acidified with hydrochloric acid yielding white needles 
(10 g), m.p. 308°. Found: C, 36.1; H, 3.46; N, 33.6; Calc. for CoH wNsO¢: C, 35.6; H, 2.96; 
N, 33.2%. 
1-Methyl-4-nitro-5-phenylsulphonylhydrazinocarbonylimidazole (1X ) 

The acid chloride of 5-carboxy-1-methyl-4-nitroimidazole (11.1 g) dissolved in benzene 
(30 ml) was added dropwise, with stirring, to phenylsulphonylhydrazine (10 g) in pyridine 
(25 ml). After 10 minutes the solution was poured into an excess of ice-cold dilute hydro- 
chloric acid to precipitate the product (10.5 g). Recrystallization from ‘‘cellosolve”’ 
gave small white needles, m.p. 248° (decomp.). Found: C, 40.7; H, 3.45; N, 21.4. Cale. 
for C4,Hi,N;0;S: es 40.6; H. 3.38; N, 21.5%. 


,(5)-Hydrazinocarbonyl-2-methylimidazole (X ) 

4(5)-Ethoxycarbonyl-2-methylimidazole (0.7 g) was dissolved in a mixture of 85% 
hydrazine hydrate (5 ml) and methanol (5 ml) and refluxed for 1 hour. The solution was 
evaporated to dryness and the residue crystallized from methanol to give white needles 
(0.4 g), m.p. 210°. Found: C, 43.5; H, 5.70; N, 39.9. Calc. for CsHsN,O: C, 42.9; H, 5.71; 
N, 40.0%. 


The Reaction of 4,5-Dicarbamyl-2-sulphamylimidazole with Alkaline Hypobromite 

4(5)-Dicarbamyl-2-sulphamylimidazole (1.17 g) was dissolved in a solution of bromine 
(1.6 g) and 10% sodium hydroxide (28 ml) at 0°. After 1 hour at 0° the solution was 
acidified with glacial acetic acid and the precipitate was collected. After several crystalliza- 
tions from water the product was obtained as pale buff needles (0.15 g), m.p. >300°. 
Found: C, 20.6; H, 2.58; N, 24.8; S, 11.3; residue, 14.23%. 
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The Reaction of 4,5-Bis(hydrazinocarbonyl)-2-sulphamylimidazole with Hydrochloric Acid 

4,5-Bis(hydrazinocarbonyl)-2-sulphamylimidazole (1.5 g) dissolved in 2 N hydro- 
chloric acid (15 ml) was heated for 6 hours on a steam bath. The solid (0.7 g) which 
precipitated during the reaction was collected and purified by dissolution in dilute 


sodium hydroxide and precipitation with hydrochloric acid, as white needles, m.p. 
> 300°. Found: C, 30.8; H, 2.55; N, 31.1; S, 5.29%. 
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THE CONVERSION OF a-KETO ACIDS AND OF 
a-KETO ACID OXIMES TO NITRILES IN AQUEOUS SOLUTION' 


A. AHMAD AND IAN D. SPENSER 


ABSTRACT 


The conversion of a-oximino acids (anti HO— —COOH) to nitriles in aqueous solution is 
shown to be a general reaction. a-Keto acids are converted to nitriles in excellent yield in 
aqueous solution in the presence of hydroxylamine. Oxidation of a-oximino acids yields 
hydroxamic acids. 


Recently we reported the facile conversion of indolyl-3-pyruvic acid oxime to indolyl- 
3-acetonitrile in aqueous solution at moderate temperature, and put forward the hypo- 
thesis that this reaction forms the missing link in the biosynthesis of this nitrile (1). 

We have now extended our study to other a-keto acid oximes, all of which gave the 
lower nitrile and carbon dioxide on warming in dilute aqueous and also in dilute hydro- 
chloric acid solution. A summary of the results obtained with 10 representative a-keto 
acid oximes is presented in Table I. In each case 25 mg acid was suspended in 10 ml water 
and refluxed 25 minutes under nitrogen. The system was protected from atmospheric 
carbon dioxide and the CO:, generated in the reaction was collected quantitatively as 
BaCO;. At the same time nitrile was isolated and identified by its infrared absorption. 
A similar series of experiments with 0.1 17 HCl as the solvent gave substantially identical 
results. The rate of the reaction is lowered with rise in pH (1) and markedly affected by 
temperature. Thus a-oximinopropionic acid was stable at pH 4 below 45°, whereas at 55° 
it gave CO» corresponding to 79% decarboxylation in 6 hours. 

The conversion R—C( = NOH)COOH — RCN+CO.+H;,0 thus constitutes a 
general reaction of a-keto acid oximes, and a general route to nitriles. 

The general nature of the reaction in aqueous solution is further indicated by widely 
scattered observations of different authors. These are summarized in Table II. The 
general instability of a-oximino acids in aqueous solution at room temperature was also 
observed in the course of conductivity measurements (2). 

In dilute mineral acid solution a similar conversion takes place, whose generality was 
recorded, without experimental evidence, by Waters (3, 4), who refers to a paper by 
Bouveault and Locquin (5). Table II presents a summary of reported instances of this 
reaction. It has also been found that under normal conditions of oxime formation indolyl- 
3-glyoxylic acid did not yield the corresponding oxime but 3-cyanoindole (6, 7), and that 
2,6-dimethoxyphenylthiopyruvic acid gave a mixture of oximino acid and nitrile (8). 

a-Oximino acids are stable in alkaline solution (3, 4); they may be obtained in good 
vields by alkaline hydrolysis of a-oximino esters (e.g. 9, 10) or amides (11). 

No systematic experimental study of the reaction of a-oximino acids in aqueous 
solution has been reported, nor has it been used for the synthesis of nitriles. 

Under anhydrous conditions this route of synthesis has been applied to prepare ring- 
substituted phenylacetonitriles from the corresponding phenylpyruvic acid oximes, 
either by pyrolysis (12) or in the manner of the Beckmann rearrangement, in acetic 
anhydride solution (13). The limitation to arylacetonitriles is surprising, since there is 
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TABLE I 
Yield of BaCO; on refluxing 25 mg a-oximino acid in 10 ml H,0 for 25 minutes 








% Nitrile isolated and (or) 
7 . M.p. BaCO; decarbox- . identified by I.R. 
a-Oximino acid (decomp.) (mg) ylation (»(—C=N ) em) 
CH;—C—COOH 175-176° 45 94 CH;—CN 
|| (2254 cm™') 
HO—N 
CH;—CH;—C—-COOH 154-155° 37 88 CH;—CH;—CN 


| (2249 cm-) 
HO—N 





CH; 


CH—C—COOH 150° 3: (CH;)-==CH—CN 
3 || (2251 cm) 
CH; HO—N 
HOOC—CH:—C—COOH 126—127° : ’ HOOC—CH,.—CN isolated 
I (2271 cm=) 
N—OH 
HOOC—CH:—CH:—C—-COOH 151-152° r ( HOOC—CH,.—CH.—COOH 
I isolated 
HO—N 
Cs.H;—C—COOH 144-145° . CsHs—CN isolated 
(2230 cm~!) 
HO—N 
C.sH;—C—COOH 130-131° q C.H;—CN 
2230 cm) 
N—OH 
Cs;H;—CH:—C—COOH 166-167° y 5 C.H s—CH 2—CN 


(2254 cm!) 


| 
HO—N 


cH? S—CHrC—COOH 158-159" a: cog _—CHs-CN 
HO—N (2252 cm-) 


(\-—7-CH:—C—cooH 9; /\——;-CH:—CN 


Wn coy Wyn/ isolated 
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(2250 cm=-) 
H 





overwhelming evidence in the early literature that both reaction conditions are of general 
applicability (14): Table II lists the a-keto acid oximes which have been shown to yield 
the lower nitrile on warming with acetic anhydride. Yet only one nitrile other than an 
arylacetonitrile appears to have been prepared in this manner (8). Evidence regarding 
the generality of the pyrolytic decomposition is similarly dispersed throughout the 
literature: Most a-oximino acids described are reported to decompose at their melting 
point with evolution of gas, which was recognized as CO: in some instances while in 
others the second product of pyrolysis was identified as the nitrile (Table II). 

It would appear that the pyrolytic decomposition and the decomposition under 
Beckmann conditions, as well as the decomposition in aqueous solution, are general 
reactions. 

A further general property of a-oximino acids may be gleaned from the literature: A 
number of them have been reported to decompose to nitrile and COz in aqueous solution 
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more readily in the presence of hydroxylamine hydrochloride (15). This led us to investi- 
gate whether nitrile could be prepared by direct treatment of a-keto acid with hydroxyl- 
amine, without isolation of the intermediate oximino acid, according to the reaction 
iit Wiens + NH:OH — R—C—COOH —— R—CN + CO; + H,0. 
I | 
O HO—N 


Each of eight a-keto acids was refluxed under nitrogen with one equivalent hydroxyl- 
amine hydrochloride in aqueous solution, and in every case an almost quantitative yield 
of the corresponding nitrile was obtained. The results are summarized in Table III. 

















TABLE III 
a-Keto acid 
“ ——— NH.,OH—HCI! H,O Nitriles Reaction 
Formula Wt. (g) (g) (ml) (g) (%) 
CH;CO—COOH 4.40 3.50 10 CH;CN, 2.00 98 
(0.05)* 
CH;CH:CO—COOH 2.04 1.40 10 CH;CH.CN, 0.60 55 
(0.02) 
HOOC—-CH.CO—COOH 2.16 1.15 10 CH;CN, 0.22 (33%) 92 
, (0.016) and CN—CH,.COOH, 
0.82 (59%) 
HOOC—(CH,)2CO—COOH 1.46 0.70 10 (CH:—COOH)s, 1.10 93 
(0.01) 
C,H;CO—-COOH 1.23 0.57 5 C.H;CN, 0.84 99 
(0.008) 
C,;H;CH,CO—COOH 1.64 0.70 10 CsH;CH2CN, 1.05 90 
(0.01) 
CH; 
CH;— -~—-CO—COOH 1.92 0.70 10 No reaction 
sas (0.01) 
CH; 
?\-——;—CO—COOH 1.89 0.70 30 /’- —-CN, 0.60 42 
a (0.01) 
\» N \ NZ 
H H 
a ~CH:CO—COOH 0.40 0.14 30 /\—7-CH:CN, 0.19 62 
\ 3 0.002) , 
WA ‘ N ( } be NZ 
H H 
*Values in parentheses are in moles. 


a-Keto acids alone did not decarboxylate when refluxed in aqueous or 0.1 M HCl solution. 
The only acid amongst those tested which did not undergo conversion to nitrile under 
these conditions was 2,4,6-trimethylphenylglyoxylic acid. Di-ortho-substituted phenyl 
ketones do not form carbonyl derivatives under normal reaction conditions (16) and 
this failure serves as further indication for the required intermediary formation of oxime 
in the conversion to nitrile. Oxalacetic acid gave a mixture of cyanoacetic acid and, by 
further decarboxylation of the latter, acetonitrile. a-Ketoglutaric acid gave a quantitative 
yield of succinic acid, presumably by hydrolysis of the primary product, 8-cyanopropionic 
acid. 
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The facile conversion to nitriles of a-keto acid oximes explains the finding (4) that 
standard methods for the hydrolysis of oximes fail in the case of a-oximino acids. a-Keto 
acid esters have been regenerated from their oximes by treatment with 85% formic acid 
and lead chamber crystals (5, 17), and a-keto acids from a-oximino acids by hydrolysis 
with concentrated HCl in the presence of formaldehyde (14, but cf. 18), but hydrolysis 
by dilute acid does not yield a-keto acid and hydroxylamine (4). 

In view of this failure it is somewhat surprising that a method for the detection and 
estimation of oxime nitrogen, based on preliminary hydrolysis to hydroxylamine, has 
been repeatedly thought applicable to a-oximino acids (19, 20, 21). The procedure (19) 
and its modifications consists of the supposed acid hydrolysis of a-oximino acids to 
hydroxylamine, and detection of the latter (22) by oxidation to nitrite and treatment 
with sulphanilic acid and a-naphthylamine (Gries’ reagent) to form an azo dye which 
may be estimated colorimetrically. In spite of the finding that very poor recoveries were 
obtained with a-oximino acids (21, 23) this procedure has been used in attempts to 
establish the occurrence of such compounds in living tissues. Evidence so obtained would 
appear to be questionable. 

In another method of estimation of a-oximino acids (24), which gave almost quanti- 
tative results, acid hydrolysis was omitted. Instead the keto acid oxime was oxidized 
in alkaline solution with iodine, yielding nitrite ion, which was estimated as before. 
The tacit assumption was made that alkaline hydrolysis precedes oxidation in this case. 
In fact the reaction takes an entirely different course: 

When a-oximino acids (R—C(—-NOH)—COOH) were treated with hydrogen peroxide 
at pH 6 oxidative decarboxylation took place and the corresponding hydroxamic acids 
(R—CO—NHOH) were shown to be present in the reaction mixture. They were 
identified by paper chromatography (cf. 25, 26). The following a-keto acid oximes gave 
hydroxamates in this way: pyruvic, a-ketobutyric, oxalacetic, a-ketoglutaric, phenyl- 
glyoxylic (syn and anti), phenylpyruvic, p-methoxyphenylpyruvic, and 3-indolylpyruvic 
acid oximes. The pH of the reaction mixture was critical: below pH 4.0 and above pH 6.5, 
hydroxamic acids could not be detected; even under optimal conditions (pH 6.2) attempts 
to isolate the products have so far been successful in one case only (phenylacethydroxamic 
acid from phenylpyruvic acid oxime) in very poor yield. 

This failure may be due either to the further oxidation of hydroxamic acid to nitrite 
ion (26, 27), or to a Lossen rearrangement of the hydroxamic acids to yield isocyanate 
which decomposes further (28). 

Oxidation of a-oximino acids with iodine does not stop at the hydroxamic acid stage. 
The —NHOH moiety of hydroxamic acids is quantitatively converted to nitrite under 
these conditions (26, 27). 

The steps in the estimation of a-oximino acids by means of iodine oxidation are thus 
as follows: 





{O [O| 
R—C—COOH —— oe Shae = R—CO—NHOH — NO,--. 
| —CO: 
HO—N HO—N 


The mechanism of the oxidative decarboxylation of a-oximino acids to hydroxamic 
acids, analogous to that proposed for the oxidative decarboxylation of a-amino acids 
(29), will be discussed in a separate communication. 

Two types of mechanism for the conversion of a-oximino acids to nitriles may be con- 
sidered, and have been discussed in connection with the failure of indolyl-3-glvoxylic 
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acid to yield oxime (7). The first, a concerted trans elimination, requires an anti (HO— 
—COOH) stereochemistry; the second, a concerted cyclic elimination, demands the syn 


(HO— —COOH) configuration of the a-oximino acids. 
O 
I I 
R Cc R Cc 
a ee. hes ‘a <-> 
Cc ) oO Cc ) ¢ O 
\ ‘ 
+f) —" 
H,O ° 
H 


Initial decarboxylation to yield aldoxime, or initial hydrolysis to yield a-keto acid as 
intermediates in the reaction, may be excluded, since both aldoximes and a-keto acids 
are stable under conditions when the corresponding a-oximino acids yield nitrile. 

Few pairs of geometrical isomers of a-oximino acids are well authenticated: Hantzsch 
and his collaborators isolated and studied the isomers of phenylglyoxylic acid oxime 
(15), of oxalacetic acid oxime (30), of dioximinosuccinic acid (31, 32), and of dioximino- 
propionic acid (33, 34). Isomers have also been reported, mostly on the basis of melting 
point differences, of oximinoacetic acid (35, 36), a-oximinoglutaric acid (37, 38), 
NH+=C(NH2)—C(==NOH)COOH (39), furan-2-pyruvic acid oxime (40), p-meth- 
oxyphenylpyruvic acid oxime (41, 42), and phenylpyruvic acid oxime (e.g., 14, 42). 

We have prepared the two isomers of phenylglyoxylic acid oxime (15) and of oxalacetic 
acid oxime (30). One of the latter, however, was exceedingly unstable so that a pure 
sample could not be obtained. We failed to isolate more than one isomer of a-ketoglutaric 
acid oxime (38), of phenyl- (14, 42), and of p-methoxyphenylpyruvic acid oxime? (41, 42). 

The only experimental attempt to assign configurations to the stereoisomers of 
a-oximino acids was that of Hantzsch and his collaborators (15, 30, 31, 33, cf. 43). By 
analogy with their work on benzaldoximes, they made their configurational assignment 
of the isomers of phenylglyoxylic acid oxime on the basis of the behavior of the O-acetyl 
derivatives on hydrolysis (44): The oxime (a-oxime) whose acetate on treatment with 
carbonate at 0° reverted to the oxime was assigned the anti (HO— .—COOH) configura- 
tion, whereas the oxime (8-oxime), whose acetate under similar conditions gave nitrile, 
was assigned the syn (HO— —COOH) configuration. Since these assignments were 
based on the assumption of a cis elimination of the elements of acetic acid, an assumption 
which was proved erroneous by later experimental work (45), it is necessary to revise 
Hantzsch’s assignments of the stereochemistry of phenylglyoxylic acid oximes (Table 
IV). 

The decomposition of a-oximino acids in acetic anhydride is a special case of the 
“‘second-order’”” Beckmann rearrangement of a-oximinocarbonyl compounds (46), i.e., 





2Dr. R, A. McIvor informs us that further work on his compounds (42) indicates that the phenylpyruvic acid 
oxime, decomp. 206°, was a molecular complex of the acid and its sodium salt, from which phenylpyruvic acid 
oxime, decomp. 166-167°, was obtained by high-vacuum sublimation; and that the isomer, decomp. 155°, had 
reducing properties and probably contained the hydroxylammonium salt of phenylpyruvic acid oxime. This also 
gave phenylpyruvic acid oxime, decomp. 166—167°, on sublimation at 10-* mm. The isomer of p-methoxyphenyl- 
pyruvic acid oxime, decomp. 199°, gave p-methoxyphenylpyruvic acid oxime, decomp. 159°, on recrystallization 
from water and was a molecular complex of p-methoxyphenylpyruvic acid and its sodium salt. The “unknown 
compound”, melting at 147.5-148° (decomp.), which had reducing properties, was shown to be the hydroxyl- 
ammonium salt of p-methoxyphenylpyruvic acid oxime. 
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a trans fragmentation reaction requiring the anti (HO— —-COOH) configuration (47), 
and stereochemical assignments must be made accordingly (Table IV). 

Hantzsch (15) was able to convert phenylglyoxylic acid oxime, decomp. 127°, (a), 
into the B-isomer, decomp. 145°, at room temperature in aqueous solution. We observed 
a similar isomerization, accompanied by some decomposition to benzonitrile, when the 
low-melting oxime was distilled at 10-* mm, just below its melting point. An attempt 
to prepare a pure specimen of the low-melting isomer of oxalacetic acid oxime (30) failed, 
since the crude product which gave a strong blue color with FeCl; (30), obtained by 
hydrolysis of diethyl oxalacetate oxime, was unstable at room temperature. 

The isomer, decomp. 127°, of phenylglyoxylic acid oxime, decomposed much less 
readily to benzonitrile, on refluxing in aqueous solution, than the isomer, decomp. 145° 
(Table 1). Since the former isomerizes slowly to the latter at room temperature in aqueous 
solution (15), it is probable that such a transformation preceded the decarboxylation 
of the isomer, decomp. 127°. Similarly, the isomer, decomp. 125°, of oxalacetic acid 
oxime yields cyanoacetic acid less readily in aqueous solution than the isomer, decomp. 
88°. In both cases the isomer to which an anti (HO— —COOH) configuration is now 
assigned on the basis of the reactivity of the O-acetyl derivatives, undergoes elimination 
of CO, and water more readily than the corresponding syn isomer. 

This leads us to favor a mechanism involving concerted trans elimination for the 
reaction in aqueous solution in the two cases where both syn and anti isomers are known, 
and prompts us to assign an anti (HO— —COOH) configuration to those a-oximino 
acids of which only one isomer has been described, which readily undergoes conversion 
to nitrile in aqueous solution (Table I[). 

The zwitterion form 


+/ 
H.O 


would be most favorable for concerted trans elimination. The observations that a-oximino 
acids may be recovered unchanged from concentrated sulphuric (15, 30, 48, 49) and 
hydrochloric acid (50), that they are stable in alkaline solution (4), and that in one 
instance (1) the reaction in aqueous solution has been shown to have a pH optimum at 
pH 2, tend to support the zwitterion form as the reacting species in a concerted trans 
elimination. 

The pyrolytic decomposition is more likely to take place by a concerted cyclic mecha- 
nism (cf. 51) demanding the syn form of the a-oximino acid. Such a course of reaction 
would be favored by intramolecular hydrogen bonding, e.g., 














Mt p. 
a- -Oximino acid (decomp. ) 
‘. CHsC— COOH 175-176° 
N 
Es 
HO 
2. CH;CH.C—COOH 154-155° 
N 
"f 
HO 
3. (CH ;)eCH—C—COOH 150° 
l 
N 
f 
HO 
4. HOOC—CH,—C—COOH 126-127‘ 
|| 
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i 
OH 
5. “HOOC—(CH2)z—C—COOH  151-152° 
1} 
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< 
HO 
6. CeHs -C —COOH 144—145° 
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HO anti- 
7. CsH;—C—COOH 130-131° 
{| 
N 
be 
OH ss syn- 
8. C,H;—CH.-—C—COOH 166—167° 
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HO 
9. cHio¢ 5 —CHr—-C—COOH 156-157° 
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“tie yo C—COOH 157° 
N 
i rd 





TABLE V 





700 (s) 
755 (w) 
810 (m) 


955 (w) 


695 (w) 
760 (s) 
793 (w) 
900 (m) 
1000 (s) 


680 (m) 
700 (s) 
730 (m) 
750 (w) 
820 (m) 
865 (m) 
930 (s) 


830 (s) 
995 (w) 
1025 (s) 
1115 (s) 
1190 (s) 
1210 (m) 


680 (s) 
707 (s) 
760 (m) 
790 (w) 
850 (m) 
940 (w) 


680 (s) 
700 (s) 
730 (m) 
820 (m) 
940 (s) 
1025 (m) 


690 (s) 
740 (s) 
755 (m) 
785 (m) 
825 (w) 
835 (w) 
885 (s) 


695 (m) 
710 (m) 
730 (w) 
752 (s) 
780 (m) 
815 (s) 
830 (s) 


1030 (s) 
1085 (w) 
1110 (w) 
1155 (w) 
1210 (m) 


1030 (s) 
1120 (s) 
1200 (s) 
1275 (s) 
1325 (w) 
1360 (m) 
1390 (s) 


1255 (s) 
1375 (s) 
1440 (s) 
1660 (s) 
1720 (s) 


1015 (s) 
1030 (s) 
1045 (s) 
1210 (s) 


1245 (w) 
1300 (w) 


1040 (m) 
1210 (m) 
1240 (s) 
1300 (m) 
1375 (s) 
1415 (s) 


920 (m) 
1015 (s) 
1070 (s) 
1115 (m) 
1130 (m) 
1200 (s) 
1215 (s) 


950 (m) 
1030 (s) 
1105 (m) 
1140 (m) 
1175 (s) 
1225 (s) 
1250 (s) 


1465 (s) 2450 
1650 (m) 2570 (sh) 
1690 (s) . 2700 


1300 (m) 
1370 (s) 
1420 (s) 
1450 (s) 
1650 (s) 
1690 (s) 


1297 (m) 
1360 (m) 
1380 (s) 
1450 (s) 
1650 (m) 
1690 (s) 


1410 (s) 
1440 (s) 
1670 (s) 
1720 (s) 


= 300 (sh) 


338 


1800 
2520 (sh) 
2620 


1850 (w & 
broad) 


2350 


2550 (sh) 


1375 (s) 
1410 (s) 
1440 (s) 
1460 (s) 
1500 (w) 
1630 (w) 
1690 (s) 


1455 (s) 


2487 
2550 (sh) 
2670 


2510 
2585 (sh) 
2700 


1712 (s) 


1282 (s) 2500 
1375 (s) 2565 (sh) 
1430 (s) 70 
1460-70 (s) 

1493 (s) 

1600 (m) 

1640 (m) 

1693 (s) 


1280 (s) 2465 
1375 (s) 2525 (sh) 
1405 (m) 2650 
1470 (s) 

1510 (s) 

1610 (s) 

1650 (s) 

1690 (s) 

1880 (w & broad) 


to 
or) 


1130 (m) 1620 (w) 
1220 (m) 1690 (s) 
1305 (m) 

1375 (s) 

1455 (s) 








Infrared absorption bands (cm~) (Nujol) 


1040 (s) 
1180 (s) 
1300 (m) 
1370 (s) 
1415 (m) 


1000 (s) 
1040 (s) 
1065 (s) 
1165 (s) 
1250 (s) 


3210 (broad) 


3210 (broad ) 


3210 (broad) 


3280 (broad ) 


3210 (broad) 


3210 (broad) 


3250 (broad ) 


3210 (broad) 


3210 (broad) 


3360 (NH) (broad) 
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Infrared data (Table V) show up similarities between anti (HO— —-COOH) phenyl- 
glyoxylic acid oxime and those oximes of which only one isomer is known. The syn 
(HO— —COOH) isomers of phenylglyoxylic acid oxime and of oxalacetic acid oxime 
showed similarities in absorption, and their infrared curves differed in certain respects 
from those of all other a-oximino acids examined. 

The —OH stretching frequency, found at 3210 cm~ in all anti oximes, was displaced 
in the two syn isomers (3250, 3280 cm! respectively for phenylglyoxylic and oxalacetic 
acid oxime). This is in accord with the assignment of Palm and Werbin (52). The band 
near 1300 cm™, assigned to —-OH deformation, was present in all compounds between 
1280 and 1300 cm, except in the two dicarboxylic acids, where it was displaced to 
higher wave numbers (1325 and 1375 cm respectively). The N—OH stretching vibration 
of oximes is associated with bands near 920 cm! (52). The two syn (HO— —-COOH) 
compounds showed strong absorption in this region (940 and 930 cm for phenylglyoxylic 
and oxalacetic acid oxime, respectively), whereas the anti (HO— -—-COOH) isomers 
showed bands of weaker intensity. All the compounds examined showed one or more 
strong bands between 1000 and 1085 cm. In general all oximino acids show the band 
due to C=N vibration at 1620-1650 cm. This band was masked by broad carbonyl 
absorption in the dicarboxylic acids. All monocarboxylic anti oximino acids showed 
carbonyl absorption at 1690 cm~. In syn-phenylglyoxylic acid oxime this band was split, 
appearing at 1660 cm~ and 1712 cm~. The dicarboxylic acids absorbed at 1670 and 
1720 cm“. 

Hantzsch (53) attempted to confirm his configurational assignment on the basis of 
conductivity measurements. The significance of these results has, however, been called 
into question (2, 54). Table VI summarizes the pK, values of the a-oximino acids we 
have determined, together with those recalculated from reports in the early literature. 
Configurational assignments have also been made, using as a criterion differences in the 
readiness of the isomers of a-oximino acids to complex with metal ions (55). It is reported 
that complexing takes place through the oxime-N and not through the oxime-O, and 
that anti (HO— —COOH) oximino acids react readily with Cu*+* and Ca*+, whereas 
the syn (HO— -—COOH) isomers do so slowly, presumably only after isomerization. 

The general methods of synthesis of a-oximino acids have been listed (56). The com- 
pounds have been prepared from a-keto acids (e.g. 57) or a-thioketo acids (e.g. 14, 41, 
42) by treatment with hydroxylamine, or from a@-oximino esters by alkaline hydrolysis 
(e.g. 9, 10, 58). A more versatile method of preparation is by nitrosation, under a variety 
of conditions, of B-keto esters (9, 10, 48, 49, 58, 59, 60) or lactones (61), substituted 
malonic esters (62, 56), tetronic acids (63), phenylacetonitriles (64), or phenylacetic 
acid esters (65), followed by acid or alkaline hydrolysis of the resulting a-nitroso deriva- 
tives, with deacylation or decarboxylation respectively in the first two cases, and re- 
arrangement to the a-oximino acid. Nitrosation of substituted malonic acids has also 
been used (66, 56). a-Oximino esters are obtained by treatment of a-halo esters (67) or 
a-nitro esters (68) with sodium nitrite. The mechanism of these two reactions has been 
elucidated (68). 

Two other methods of preparation, whose route is puzzling, have been used: Treatment 
of a-halo acids with hydroxylamine (69) gave a-oximino acids, as did hydrolysis of 
a-hydroxylaminonitriles (11), i.e., of the addition products of aldoximes and HCN. The 
chemistry of these two reactions has now been clarified and will be discussed in a separate 
communication. 
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TABLE VI 
pX, values of a-oximino acids 








a-Oximino acid 


0.03 M solution) 


pKa 
(pH at half , 
equivalence in Reported value 


(converted to pKa) 





H—C(NOH)COOH 
CH;—C(NOH )COOH 


CH;—CH:—C(NOH )COOH 
CH;—(CH2)z—C(NOH )COOH 
(CH;)==CH—C(NOH )COOH 
CH;—(CH:);—C(NOH )COOH 
(CH;)==CH—CH:—C( NOH )COOH 
CsH;—C(NOH)COOH 

M.p. 144—145° (decomp. ) 

M.p. 130—131° (decomp. ) 


Clove . 
\g7 E(NOH)COOH 
C.H;—CH:—C(NOH)COOH 
cHO¢ S—CH:—C(NOH)COOH 
/—~)-CHs—-C(NOH)COOH 
eK NZ 
H 
NC—C(NOH)COOH 
HOOC—CH;—C(NOH)COOH 


M.p. 126—127° (decomp.) 
M.p. 88° (decomp. ) 


HOOC—(CH:)2—C(NOH )COOH 
H—C(NOH )—C(NOH )COOH 

M.p. 141—143° (decomp.) 

M.p. 172° (decomp. ) 
CH;—C(NOH)—C(NOH )COOH 
HOOC—C(NOH)—C(NOH)COOH 

“Primary” 


“Secondary” 


3.00 (53); 3.02 (54) 


3.38 3.29 (53); 3.33 (54) 
3.30 (81) 
3.20 3.08 (53); 3.16 (54) 
— 3.16 (53); 3.22 (54) 
3.05 2.94 (2) 
— 3.19 (2) 
- 3.25 (2) 
2.82 2.75 (53) 
2.27 2.82 (2); 1.81 (?) (53) 
~ 2.30 (53) 
3.90 3.24 (2) 
3.85* — 
3.40* — 
we 1.86 (53) 
2.90, 4.55 2.96 (53) 


Cannot be measured. pK, 2.43 is that of 
NC—CH:—COOH (53, misquoted by 38). 
3.25, 4.95 — 
2.3853) 
2.55 (53) 
1.86 (53) 


1.21 (53) 
1.98 (53) 





*In 0.01 M solution. 








EXPERIMENTAL 
a-OxIMINO ACIDS 


a-Oximino acids were prepared by well-established methods, either from suitably 
substituted 6-keto or malonic esters or malonic acids, by nitrosation with freshly prepared 
butyl nitrite (82), or from the a-keto acid and hydroxylamine. Details are given only 
when modifications of reported methods were used. 
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a-Oximinopropionic Acid (Pyruvic Acid Oxime) (cf. 57) 

A solution of hydroxylamine hydrochloride (3.50 g, 0.05 mole) in 15 ml water containing 
4.20 g (0.05 mole) NaHCO; was cooled to 5° and poured, with cooling and stirring, into 
a cooled solution of pyruvic acid (4.40 g, 0.05 mole) in 30 ml water containing 4.20 g (0.05 
mole) NaHCO. After standing 24 hours at room temperature the mixture was extracted 
with ether, cooled to 5°, carefully acidified with 3 M HCl, and repeatedly extracted with 
ether. The dried (Na2SO,) ether extract was evaporated at room temperature, yielding 
a@-oximinopropionic acid, melting at 175-176° (decomp.); neutralization equivalent: 
found, 103; calculated, 103; pK,, 3.38. Reported melting point 177° (decomp.) (9), 
180-181° (decomp.) (54). 


a-Oximinobutyric Acid (a-Ketobutyric Acid Oxime) 

a-Oximinobutyric acid (a-ketobutyric acid oxime) was prepared by nitrosation of 
diethyl ethyl malonate with butyl nitrite under alkaline conditions (56) in 60% yield. 
After sublimation at 140° and 1.10-* mm the product melted at 154—-155° (decomp.); 
neutralization equivalent: found, 116; calculated, 117; pK,, 3.20. Reported melting 
point 154° (decomp.) (69), 169-170° (decomp.) (59). 


a-Oximino-B-methylbutyric Acid (a-Ketoisovaleric Acid Oxime) 

a-Oximino-8-methylbutyric acid (a-ketoisovaleric acid oxime) was prepared from 
ethyl a-isopropylacetoacetate (83) by alkaline nitrosation. The ester (3.44 g, 0.02 mole) 
was dissolved in dry ethanol (15 ml) containing sodium metal (0.46 g, 0.02 mole). The 
solution was cooled to 5°, butyl nitrite (3.10 g, 0.03 mole) was added dropwise with 
stirring over 10 minutes, stirring was continued 20 minutes at 5° and then 30 minutes 
at room temperature. Ethanol was distilled off at room temperature, the residue mixed 
with crushed ice, acidified with 3 M@ H.SO,, and extracted with ether. The ether layer 
was extracted with 10% NaOH solution, the alkaline solution heated 15 minutes on 
the steam bath, cooled to 0°, acidified with dilute H,SO,, and repeatedly extracted with 
ether. The ether extract was dried (Na2SO,4) and concentrated, yielding a-oximino- 
B-methylbutyric acid (1.78 g, 68%) as a white crystalline solid, melting point 150° 
(decomp.), after sublimation at 135° and 1.10-* mm; neutralization equivalent: found, 
130; calculated, 131; pK,, 3.05. Reported melting point 163-165° (decomp.) (84), 171- 
172° (decomp.) (59), 151.5° (decomp.) (2). 


a-Oximinosuccinic Acid (Oxalacetic Acid Oxime) 

(a) syn (HO— a-COOH). This isomer was prepared by nitrosation of ethane-1,1,2- 
tricarboxylic acid (85). Butyl nitrite (1.03 g, 0.01 mole) was added to a solution of the 
tricarboxylic acid (1.62 g, 0.01 mole) in ether (30 ml) at 0°. A stream of dry HCl gas 
was passed through the solution for 10 minutes and the reaction mixture then evaporated. 
The residual oil was crystallized from chloroform — ethyl acetate, yielding 0.44 g (30%) 
syn (HO— a-COOH)-oximinosuccinic acid, melting at 126-127° (decomp.). Neutrali- 
zation equivalent: found, 70; calculated, 73.5; pK,, 2.90, 4.55. Reported melting point 
125° (decomp.) (30), 126° (decomp.) (60). After 12 months at 5° a solid sample of this 
isomer had partially decomposed to cyanoacetic acid. Alkaline nitrosation of the triethyl 
ester failed to give the desired product. Treatment of oxalacetic acid with methanolic 
hydroxylamine at.0° yielded a product contaminated with hydroxylammonium salt. 

(b) anti (HO— a-COOH) (cf. 30, 38). Sodium diethyl oxalacetate (10.5 g, 0.05 mole) 
in 50 ml methanol was treated with 3.5 g hydroxylamine hydrochloride (0.05 mole) in 30 
ml methanol. The mixture was stirred at 40° for 1 hour, then rapidly cooled to 0° and 
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precipitated sodium chloride filtered off. The filtrate was evaporated at room temperature 
when an oily colorless liquid was obtained which was extracted into ether and dried 
(Na2SO,). The oily liquid, obtained by evaporation of the ethereal solution, which gave 
a sharp infrared peak at 1630 cm— (C==N), was dissolved in 15 ml methanol and treated 
with 10% NaOH to adjust the pH to 10.5. The solution was warmed for 30 minutes on 
the steam bath with occasional shaking, cooled to 0°, and acidified (pH 2) with 4 M HCL. 
The white solid which separated on acidification was rapidly filtered with cooling, washed 
with a little cold water, and dried im vacuo over caustic soda. After 24 hours the product 
was washed with dry ether to remove any unreacted oxalacetic acid, as well as any 
cyanoacetic acid, yielding impure anti (HO— a-COOH) a-oximinosuccinic acid, melting 
with violent decomposition at 71° (yield 4.59 g, 61.2%). Attempts to purify this isomer 
at room temperature led to extensive decomposition. Reported melting point 88° (30). 


a-Oximinoglutaric Acid (a-Ketoglutaric Acid Oxime) 

a-Oximinoglutaric acid (a-ketoglutaric acid oxime) was obtained from triethyl propane- 
1,1,3-tricarboxylate (86) by alkaline nitrosation. The triethyl ester (6.50 g, 0.025 mole) 
was dissolved in sodium ethoxide solution (0.575 g sodium metal (0.025 mole) in 40 ml 
dry ethanol); the solution was cooled to 10° and a solution of n-butyl nitrite (2.86 g, 
0.0275 mole) in 15 ml dry ethanol was added dropwise with stirring over 15 minutes. 
The reaction mixture was stirred for another 30 minutes and concentrated at room 
temperature. Crushed ice was added to the brown viscous residue and the mixture acidified 
with 3 M H.SO,. The solution was extracted with ether, the ether layer washed with a 
little water, extracted with 15 ml 10% NaOH, and the alkaline extract warmed on the 
steam bath for 15 minutes. On completion of the saponification the solution was cooled 
to 0°, acidified with 3 4 H2SO,, and the product extracted into ether. The ether extract 
was washed with water, dried (Na2SO,), and concentrated, yielding a brown residue 
which was taken up in dry ether. On addition of petroleum ether (30-40°) a-oximino- 
glutaric acid (1.21 g, 30%), melting at 151—152° (decomp.), crystallized. Neutralization 
equivalent: found, 81; calculated, 80.5; pK,, 3.25, 4.95. Reported melting point 152° 
(decomp.) (72, 37), 156° (decomp.) (38), 140° (decomp.) (71, 38). 

This oximino acid was also obtained in 13% yield from propane-1,3,3-tricarboxylic 
acid (87) by acid nitrosation. Treatment of a-ketoglutaric acid with methanolic hydroxyl- 
amine (cf. 38) gave the oximino acid contaminated with hydroxylammonium salt, account- 
ing for the low melting point (140°) of the product. 


a-Oximinophenylacetic Acid (Phenylglyoxylic Acid Oxime) 

(a) syn (HO— —COOH) (cf. 15). Cooled solutions of phenylglyoxylic acid (1.50 g, 
0.01 mole) in 30 ml water containing 0.84 g NaHCO; (0.01 mole) and of hydroxylamine 
hydrochloride (0.70 g, 0.01 mole) in 10 ml water containing 0.84 g NaHCO; (0.01 mole) 
were mixed at 5° and shaken 24 hours at room temperature. The mixture was extracted 
with ether, cooled, and acidified with dilute H2SO,, and the product extracted into ether. 
The dried (Na2SO,) ether extract was concentrated at room temperature and the solid 
residue washed with dry benzene to remove unreacted phenylglyoxylic acid. The product 
(1.353 g, 82%) melted at 130—131° (decomp.); neutralization equivalent: found, 161; 
calculated, 165; pK,, 2.27. Reported melting point 127° (decomp.) (15). 

(6b) anti (HO— —COOH) (cf. 15). The syn isomer, decomp. 130—131° (0.15 g), was 
dissolved in 5 ml water and the solution allowed to stand 24 hours at room temperature 
and then at 5°, when the anti isomer crystallized (0.043 g, 26%). It melted at 144-145° 
with decomposition; neutralization equivalent: found, 160; calculated, 165; pK,, 2.82. 
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Sublimation of the syn isomer at 120° and 2.10-* mm gave the anti isomer in 90% yield, 
together with a small amount of benzonitrile. Reported melting point 145° (decomp.) 
(15). 


a-Oximino-8-phenylpropionic Acid (Phenylpyruvic Acid Oxime) 

a-Oximino-$-phenylpropionic acid (phenylpyruvic acid oxime) was obtained by nitro- 
sation, under acidic conditions, of benzylmalonic acid (56) in 85% yield. Recrystallization 
from hot water was unsatisfactory due to decomposition to phenylacetonitrile. Sub- 
limation at 145° and 10-* mm gave the product, melting at 166-167° (decomp.), neutrali- 
zation equivalent: found, 175; calculated, 179; pK,, 3.90. Reported melting point: 
159-160° (decomp.) (88), 167° (decomp.) (63). 


a-Oximino-B-( p-methoxyphenyl)-propionic Acid (p-Methoxyphenylpyruvic Acid Oxime) 

a-Oximino-8-(p-methoxypheny])-propionic acid (p-methoxyphenylpyruvic acid oxime), 
decomp. 156-157°, neutralization equivalent: found, 209; calculated, 209; pK,, 3.85; 
was supplied by Dr. R. A. Mclvor,’ who prepared it from his sample, melting at 199° 
(42), by recrystallization from water. Reported melting point 159° (decomp.) (41). 
a-Oximino-B-(3-indolyl)-propionic Acid (Indolyl-3-pyruvic Acid Oxime) 

a-Oximino-8-(3-indolyl)-propionic acid (indolyl-3-pyruvic acid oxime), melting at 
157° (decomp.), neutralization equivalent: found, 218; calculated, 218; pK,, 3.40; was 
obtained from indolyl-3-pyruvic acid (7) and also by alkaline nitrosation of ethyl a-acetyl- 
B-(3-indolyl)-propionate (89). Reported melting point 155° (decomp.) (89), 158° 
(decomp.) (7). 
Conversion of a-Oximino Acids to Nitriles 

The a-oximino acid (25 mg) was suspended in 10 ml water in a 25-ml two-necked 
flask, supplied with condenser and gas inlet. Nitrogen was passed first through a Ba(OH)>. 
trap and then through the reaction mixture; CO: was collected in a trap containing 
saturated Ba(OH), solution and the reaction train was linked to a further baryta trap. 
All experiments were carried out at reflux temperature over 25 minutes. Barium carbonate 
was collected, washed with water, and methanol, and dried to constant weight. The 
reaction mixture was worked up for nitrile either by ether extraction or, in the case of 
non-volatile nitriles, by evaporation. Nitriles were purified by distillation and identified 
by comparison of their infrared absorption curves with those of authentic specimens. 
Results are summarized in Table I. In several cases the experiments were repeated with 
larger quantities to make isolation of nitrile possible. 


Oxidation of a-Oximino Acids to Hydroxamic Acids 

The a-oximino acid (1 mg) was dissolved in phthalate buffer (pH 6.2) (1 ml). One 
drop of 15% H2O2 was added and the solution kept at 90° for 20-30 minutes, when 
solvent had almost completely evaporated. The residue was cooled and dissolved in 
methanol (1 ml), and a sample of this solution was chromatographed (Whatman No. 1, 
butanol — acetic acid — water, 4:1:5 (25)). After development, the chromatogram was 
sprayed with 5% FeCl; in methanol, followed by 2% aqueous HCl. Hydroxamic acids 
appeared as wine-red spots. 


a-KETO ACIDS 


Pyruvic, a-ketobutyric, oxalacetic, and a-ketoglutaric acid were commercial samples. 
Phenylglyoxylic acid (90), indolyl-3-glyoxylic acid (7), phenylpyruvic acid (91), and 


3See footnote 2. 
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indolyl-3-pyruvic acid (92) were prepared by established methods. Mesitylglyoxylic 
acid was prepared by oxidation of 2,4,6-trimethylacetophenone with alkaline potassium 
permanganate (93), interrupting the oxidation at the keto-acid stage. The solution was 
then acidified with 1.5 M H2SO, and the product extracted into ether. Drying and 
evaporation yielded mesitylglyoxylic acid (48% yield), melting point 116-117°. Reported 
melting point 115-116.5° (94). 


Conversion of a-Keto Acids to Nitriles 

Equivalent amounts of a-keto acid and hydroxylamine hydrochloride in aqueous 
solution were refluxed for 1—-1.5 hours. When CO, evolution was complete, the nitriles 
were isolated as before, either by ether extraction or by evaporation of the reaction 
mixture. Results are summarized in Table III. 


NITRILES 


Authentic specimens of nitriles were either redistilled commercial specimens (aceto- 
nitrile, propionitrile, isobutyronitrile, cyanoacetic acid, benzonitrile, and phenylaceto- 
nitrile) or were prepared by established methods (p-methoxyphenylacetonitrile (95), 
indolyl-3-cyanide (7), indolyl-3-acetonitrile (1)). 
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ADSORPTION OF BENZENE AND ETHANOL UP TO HIGH RELATIVE 
PRESSURES ON FINELY DIVIDED SODIUM CHLORIDE 


PART I. PARTICLE SIZE EFFECTS AND THE ADSORPTION OF BENZENE 
PART II. THE LOWERING OF SURFACE FREE ENERGY BY ETHANOL! 


R. R. WEILER,’ J. BEECKMANS,’ AND R. McINTOsH 


ABSTRACT 
Adsorption of benzene has been studied using four samples of fine sodium chloride. The’ 
range of relative pressures employed extended to 0.99. The data were employed to show 
that a correction to the relative pressure should be applied because of the curvature of the 
surface. The correction was made in the form of a reduction of the apparent relative pressure 
by application of the Kelvin equation, since the relative pressure over a convex surface 
would be less than over a plane surface. The adsorption data at high relative pressures for 
several samples of salt could then be represented by a common curve. It was further con- 
cluded that the thick-layer theory of adsorption due to Frenkel, Halsey, and Hill was applic- 
able to adsorption on salt. Adsorption data for ethanol were then obtained and the reduction 
of surface free energy of the salt by the saturated vapor was evaluated. This figure was then 
combined with van Zeggeren’s and Benson’s value of the solid-liquid interfacial free energy 
for salt and ethanol to provide a provisional value of the surface free energy of sodium chloride 
of 227 ergs cm~?. 
INTRODUCTION 
Theoretical estimates of the total surface energy of ionic crystals at the absolute zero 
of temperature have been made many times, and the values are quite sensitive to the 
assumed model and to the interaction terms employed (1, 2, 3). The values may even 
change importantly with the values of the van der Waal’s coefficients which are chosen 
(4). At T = 0, E, = oo, where og, is the surface free energy of the solid. E, at all tem- 
peratures closely approximates the value of the total surface enthalpy H,, which can be 
measured by the method of Lipsett, Johnson, and Maass (5). Experimental values of 
H, have been much greater than the computed values of £,, and other procedures to 
measure either E, or os. have been sought. One such possible procedure involves the 
determination of the enhanced solubility of small particles and the use of the Kelvin 
equation for an assumed spherical interface between particles and the solution saturated 
with respect to the particles. This measurement leads to a value of o,;. The additional 
relation 
Tsy* —Os1 = FywCOSd 


is available, and with many systems the wetting angle is small so that cos ¢@ ~ 1.0. 
dsy* is the free energy of the solid-saturated vapor interface. Although the value of this 
quantity cannot be determined, the lowering of surface free energy from that of the 
clean solid surface may be determined from the Gibbs relation 


?° 
[1] O50 — Tsy* = rr { Tdlnp 
0 


where I is the surface excess of adsorbed vapor in moles cm~? and p° is the saturated 
vapor pressure. Thus a value of o,. may be obtained. To summarize the state of knowl- 
edge of the total surface energy of sodium chloride one may note that the value of 
E, = og (at T = 0) from the work of Benson, Schreiber, and Patterson (2), which 
takes into account surface distortion in conjunction with Shuttleworth’s result in which 
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dipole-dipole and dipole—quadrupole interactions were considered, leads to 113 ergs cm~. 
A more recent treatment by Benson, Balk, and White leads to the value 124 ergs cm~* 
for the {100} face (3). Van Zeggeren and Benson’s (6) quantum mechanical calculation 
leads to 187 ergscm~*. Experimental values of H, for room temperature have been 
386 ergs cm~ by Lipsett, Johnson, and Maass (5), 395 ergs cm~* by Boyd and Harkins 
(7), and 366 ergs cm~ by Hutchison and Manchester (8). Benson and Benson (9) found 
a value of 305 ergs cm~*, and with purer salt, Benson, Schreiber, and van Zeggeren (10) 
obtained a value of 276 ergs cm~’. The surface specific heat C,, is not sufficient to account 
for the difference in values of 276ergscm™? and 124 ergscm~*, which are the best 
experimental and theoretical values available. 

Van Zeggeren and Benson (11) investigated the enhanced solubility of fine sodium 
chloride in ethanol and obtained 171 ergs cm~ for o,;, which was considered to approxi- 
mate gg. Since o,. at room temperature must be less than E, at T = 0, this result is 
inconsistent with the theoretical value of 124 ergscm~ but it is consistent with the 
experimental value of E, = 276 ergs cm~*. However, it is advantageous to obtain og 
rather than o,), and to this end an attempt has been made to evaluate o,.—o,,*. The 
attempt is described in Part II of this paper. As experimental observations cannot be 
made for relative pressures of 1.0, it is important to know something of the shape of 
the adsorption isotherm at relative pressures as close to 1.0 as feasible. Since sintering 
in the presence of water vapor is known to occur (12), and since Benson obtained some 
evidence of the sintering of salt in the presence of large pressures of ethanol (13), it 
was decided to study the adsorption of benzene at these high relative pressures. The 
study using benzene supports the contention of theory due to Frenkel (14), Halsey (15), 
and Hill (16) that adsorption approaches infinity as p/p° approaches 1.0 according to 
the expression —a/I* = In (p/p°), so that —a/TI® is zero at p/p° = 1.0. The study also 
reveals that the larger the specific surface of the powder sample, the less is the adsorption 
(in relative terms) at high relative pressures. The importance of the curvature of the 
surface of the particles has been recognized and discussed by Hill (17). Although discre- 
pant results between two sets of samples remain to be clarified, the correction for surface 
curvature can apparently be made by application of the Kelvin equation and the 
assumption of spherical particles for which the surface free energy is taken to be that 
of bulk liquid. The details of this study are described in Part I. 


PART I. PARTICLE SIZE EFFECTS AND THE ADSORPTION OF BENZENE 
EXPERIMENTAL 


The apparatus for measuring adsorption is shown schematically in Fig. 1. One part 
consisted of a McBain-type balance. The extension of the quartz spiral was observed 
by its movement relative to a pointer on a long quartz rod attached to the same support. 
Thus temperature effects and settling of the column were eliminated from the observa- 
tions. Changes of weight of about 1 ug could be detected when extension of the spiral 
was small, and 6 ug was the limit of detection at large extension because the pointers 
moved out of the focal plane of the lens system. The weight of adsorbent varied between 
0.05 and 0.13 g. 

The temperature of the column was maintained at 92+1° C by a control unit described 
by Benedict (18). The chamber holding the quartz bucket and sample was kept at a 
temperature of approximately 35°C with a variation of +0.1°C as measured in the 
surrounding air bath. 

The adsorbates benzene and ethanol were obtained purified and dried from the 
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Fic. 1. Schematic representation of adsorption apparatus. 


Organic Chemistry Section. After storage over Drierite they were distilled into the 
adsorption assembly under vacuum, and were repeatedly frozen and melted under 
vacuum to eliminate permanent gases. The desired adsorbate pressures were generated 
by fixing the temperature of the surrounding thermostat at the appropriate values. 
Temperature variations did not exceed +0.05° C. All glass tubing and Hoke 413 metal 
valves connecting the vapor reservoirs with the adsorption assembly were kept above 
35° C to prevent condensation. The vapor pressures of the adsorbates were computed 
from the equations 
1882.0 
~ 244.0+ 
a ee 1206.35 
220.237+1¢ 
for benzene (19) and from 


logio Pam = +9.0963 for t < 4.5°C 


for t > 5.5°C 


2310.43 
~ 273.2+t 
based upon data in the Handbook of Physics and Chemistry (20) for ethanol. 

Corrections for buoyancy, etc. in the extension of the spiral system were made by 
observing the extension without adsorbent in the sample bucket. 

The salt samples were prepared in the apparatus described by Moffat and McIntosh 
(12) which had been modified so that the carrier stream was recycled nitrogen. One 
sample was obtained from Dr. J. A. Morrison and was an aliquot of the sample B studied 
by Morrison and Patterson (21). Analyses for nitrate were performed for all samples 
(22) and the percentage P of surface molecules that are sodium nitrate may be estimated 
from the approximate relation P = 1200 X/A where X is the weight% of sodium 
nitrate and A is the area (23). Obviously, this equation cannot apply to sample 45 and 
the detection of lines due to sodium nitrate in similar samples by X-ray examination 
certainly suggests that the impurities are not completely in the surface layers (12). The 


logio Pmm = +9.5171 
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surface area of the samples was usually obtained by the adsorption of carbon dioxide, 
and in the case of the sample received from Dr. Morrison, an area measured by nitrogen 
adsorption was available. The areas obtained using the different adsorbates differ and 
lead to a variety of estimates of particle size of which the effects are discussed later. In 
an adsorption experiment using benzene or ethanol the time to equilibrium was about 
45 minutes. Both adsorption and desorption points were obtained and no hysteresis in 
the isotherms was discovered. The salt samples were not heated during the pumping 
for fear of sintering, so that evacuation was carried out in the main at about 30° C. 


RESULTS 


Experiments using four samples will be discussed. These samples were labelled No. 7, 
No. 25, No. 45, and NRC. Relevant data concerning them are given in Table I. Areas 











TABLE I 
Area by benzene, Area by No, Area by COs, 
Sample No. % nitrate m? g—! m? g—! m? g-! 
7 0.5 8.97 39.9 30.0 
25 0.5 4.90 21.8 21.6 
45 5.0 14.9 66.5 70.0 
NRC 0.05-0.10 11.7 52.0 — 





determined using benzene were, of course, available for all the samples and were calcu- 
lated using the familiar B.E.T. multilayer theory (24) and an area for the benzene 
molecule of 35.0 A? (25). Nitrogen areas were obtained from the ratio of the nitrogen 
area to the benzene area for sample NRC. Areas using carbon dioxide were employed 
by us merely to select the samples, although it is interesting to note a reasonable measure 
of agreement between these values and the values computed for nitrogen. For the pur- 
poses to be discussed below, none of these values of area satisfactorily accounted for the 
effect of particle size. The nature of the problem and the attempts made to resolve it 
will now be outlined. 

If various samples of an adsdrbent differ only in specific surface area, and if the 
surface of each sample may be qonsidered as planar, the adsorption isotherms should 
be identical except for a propoftionality factor. This factor might be estimated by 
means of a reliable theory of adsorption, or determined empirically without reference 
to any adsorption theory. When’ such attempts to correlate the adsorptive properties 
of one sample with another have been attempted in this laboratory, it has been found 
that a proportionality factor would usually suffice to superimpose one curve upon another 
in the region of low relative pressures, but not in the high. Moreover, those samples 
with the large specific surfaces always showed less adsorption at high relative pressures 
when the scale factor obtained from the low relative pressure region was employed. This 
phenomenon was attributed to a particle-size effect, which for the higher relative pressure 
range, may be thought of as producing an enhanced vapor pressure over the curved 
surface of the liquidlike adsorbed layers. Hill has discussed the effect of curvature on 
the adsorption of thick layers (17). In dealing with the same problem we have found 
the use of the Kelvin equation satisfactory provided that a reasonable assessment of 
area and hence particle size can be achieved. 

In the case of the adsorption of benzene, a mean particle size was calculated on the 
basis of the area determined by the use of the B.E.T. equation and the assumption that 
the particles were spherical. The value of the mean radius was then employed with the 
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Kelvin equation RT In p/p°® = 2cV/r, taking the value of the surface free energy of the 
curved interface to be 27.0 dynes cm~ at 35.0° C. This provided a value of the pressure 
p over the curved surface which is greater than the value p° over a plane surface of 
the liquid adsorbate. On this basis the equilibrium pressure is a lower relative pressure, 
by the ratio p°/p, than the experimenter would expect to obtain if the particles were 
considered to have planar surfaces. A proportionality factor was also calculated on the 
basis of adsorption in the low relative pressure range. The proportionality factors for 
the four samples, in conjunction with the corrections to the relative pressures (which 
become important in the higher relative pressure range) should suffice to yield a common 
adsorption curve for the four samples. A comparison is given in Fig. 2. Clearly, samples 
7 and 25 may be paired, and also samples 45 and NRC. Agreement is satisfactory in 








2 
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Fic. 2. Adsorption isotherms for benzene at 35°C represented after application of a scale factor and 
correction of p/p 


based upon the area to benzene. 
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the low-adsorption range, which shows that the appropriate proportionality factor has 
been achieved for each pair of samples, although it has not been for all four samples. 
Leaving aside for the moment the fact that all four samples have not been made to 
show a common adsorption curve even in this range, it is also clear that success has 
not been achieved in the high-pressure range for either pair of samples. 

The areas by nitrogen were next employed to obtain the mean particle radius, and 
as before, the value of the saturation pressure for particles of such curvature predicted 
by the use of the Kelvin equation. When this was done samples 7 and 25 showed a 
common adsorption curve and similar results were found for samples 45 and NRC. In 
spite of this partial success in correlating adsorption data for the samples, it was con- 
sidered that the correction factor applied on the basis of nitrogen areas was somewhat 
too great, for the reason outlined below. Since the thick-layer theory of adsorption due 
to Frenkel (14), Halsey (15), and Hill (16), should be applicable in this range, a plot 
of 1/T* vs. In p/p® should yield a straight line, and should pass through zero (T infinite) 
for a corrected relative pressure of 1.0. For samples 7 and 25, for which the data were 
more extensive, intercepts were found at a value of 0.966 when relative pressures cor- 
rected for the particle-size effect were employed. The saturation pressures estimated 
for particles of the size indicated by the nitrogen areas were 1.057 and 1.031 times that 
for a plane surface in the case of samples 7 and 25, respectively. It was therefore found 
that the predicted saturation pressures should have been 1.057 X0.966 and 1.031 X0.966, 
that is 1.022 and 0.996 times the usual saturation pressure for these two samples. The 
latter figure is well within experimental error of 1.0. Thus it was shown that the experi- 
mental equilibrium pressures over sample 7 were, on a relative pressure scale, 1/1.022 
times those thought to have been generated. Using relative pressures corrected in this 
manner and a proportionality factor of 1.83, the data for samples 7 and 25 could be 
represented by a common curve, as shown in Fig. 3 and Table II. Although the data 
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Fic. 3. Representation of the isotherms for samples 7 and 25 using a scale factor and a corrected value 
of p/p®. 
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TABLE II 
Adsorption data for samples 25 and 7 at 35° C 

















Sample 7 
(Relative pressure corrected by 1/1.022; T = 35.1°; col. 1, 
Sample 25 weight adsorbed g™ is divided by 1.83; col. 2, weight 

(No corrections; T = 35.9° C) adsorbed g™ is increased by 3.0X10* ug) 

Weight, Relative Weight, Weight, Relative 
wg per g X10 pressure ug per gX1073 ug per gX10™3 pressure 

0.83 0.018 0.95 4.75 0.017 
1.11 0.055 1.20 5.21 0.047 
1.34 0.091 1.40 5.56 0.080 
1.72 0.150 1.83 6.35 0.171 
2.09* 0.229 2.35 7.30 0.293 
2.41 0.290 2.68 7.91 0.358 
2.74 0.372 3.03 8.54 0.414 
2.79* 0.384 3.72 9.82 0.538 
3.16 0.442 3.92 10.2 0.570 
3.37* 0.461 3.89* 10.1 0.586 
3.67 0.537 4.31 10.9 0.624 
4.08* 0.580 5.03 12.2 0.677 
4.90 0.654 5.78* 13.6 0.738 
5.32* 0.686 6.24 14.4 0.766 
6.15 0.754 6.88* 15.6 0.795 
7.31* 0.808 7.10 16.0 0.823 
6.91 0.810 7.60 16.9 0.830 
7.56 0.830 8.10* 17:8 0.853 
9.14 0.876 8.90 19.3 0.878 
9.62 0.893 10.1* 21.5 0.898 
10.0 0.902 12.2 25.3 0.929 
11.2 0.931 13 .0* 26.8 0.948 
11.8 0.938 15.6 31.5 0.962 
13.0 0.954 15.9 32.1 0.967 
15.4* 0.962 

15.8 0.969 

19.8 0.983 

21.6* 0.987 

20.1 0.988 

21.8 0.992 

22.8 0.994 





*Designates desorption. 


were much less extensive for samples 45 and NRC, the correction factors were established 
as 1/1.05. and 1/1.03;, respectively, for these two samples. The adsorption data for 
them are depicted in Fig. 4 and given in Table III. It is to be noted that in estimating 
these correction factors no account was taken of the thickness of the adsorbed laver 
because that thickness was only a few per cent of the particle radius. 

Several matters remain to be discussed. The two pairs of salt samples cannot be 
made to yield a common adsorption curve by means of a proportionality factor along 
with corrections to the relative pressure. However, as is illustrated in Fig. 5, samples 7 
and 45 may be made to correspond from a relative pressure (corrected) of about 0.37 
to the highest relative pressures, by addition of 3.0X10* ug per g to the data for sample 
7 (see Table II). This means that adsorption data of all four samples may be made to 
fit a single curve above a relative pressure of 0.37. Chemical composition, as measured 
by nitrate content, does not appear to be the cause of the difference between pairs of 
samples. Similarly, surface area does not permit a grouping into pairs. From the experi- 
mental standpoint, the benzene, employed to generate the equilibrium pressures, was 
changed between the accumulation of the two sets of data. There is no independent 
reason, however, to believe that this is the cause. Possibly the structure of the particles 
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TABLE Ill 
Adsorption data for samples 45 and NRC at 35.2° C 
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Fic. 4. Representation of the isotherms for samples 45 and NRC using a scale factor and a corrected 











*Designates desorption. 


effect of curvature. 


Sample 45 
(Relative pressure corrected by 1/1.056) (Relative pressure corrected by 1/1.035) 
Weight, Weight X 1.28, 
ug per gX1073 Relative pressure ug per gX1073 Relative pressure 
1.43 0.025 1.87 0.041 
1.89 0.042 3.10 0.108 
3.30 0.106 4.39 0.194 
4.43 0.165 5.89 0.285 
5.90 0.255 7.64 0.376 
7.04 0.331 9.36 0.500 
9.21 0.465 11.0 0.602 
9.71* 0.514 13.7 0.732 
11.2 0.629 17.2 0.839 
11.3 0.658 19.8* 0.877 
13.2* 0.704 27.4 0.947 
15.3 0.812 
18.0 0.862 
23.0 0.918 
24.5 0.938 


in samples of widely differing areas is involved. Agreement in the high-pressure range 
could still be expected because the influence of the surface is small, apart from the 





Secondly, it should be noted that a value of particle size is employed which is not 
based upon the area obtained using nitrogen. Presumably this arises because there is 
a distribution of particle sizes and a variation of the curvature effect with particle 
size. The intercept method, based upon the thick-layer theory, provides a weighted 
average particle size dependent upon the Kelvin effect. 
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Fic. 5. Representation of the isotherms for samples 7 and 45 using an additive correction to amount 
adsorbed and a corrected value of p/p®. 


Thirdly, there are undoubtedly other mechanisms which might be suggested to explain 
why the relative adsorption at high pressures is smaller for samples of relatively larger 
areas as these are normally determined by appeal to adsorption data up to relative 
pressures of about 0.4. The suggestion made here has the merit of simplicity, and is 
based upon the well-known phenomenon of enhanced vapor pressure of small droplets. 
It is important to observe that the adsorptions at high pressures are made to correspond 
well with one another by applying this idea. Further data are required to confirm its 
utility, but the initial results show promise. 

Finally, on the basis of such data, it seems justified to employ the thick-layer adsorption 
theory for adsorption at high relative pressures. This conclusion is of importance in 
connection with the adsorption data for ethanol from which the lowering of surface 
free energy is calculated in Part II. 


PART II. THE LOWERING OF SURFACE FREE ENERGY BY ADSORPTION OF ETHANOL 

Four samples of sodium chloride were used in studying the adsorption of ethanol, 
and quite good agreement among the values of lowering of surface free energy was found. 
This agreement was somewhat fortuitous, however, since differences in the value of 
surface free energy lowering appeared over the three sections into which the data were 
subdivided. These sections were the low, the intermediate, and the high relative pressures, 
respectively. In our opinion the most reliable value was obtained with the sample desig- 
nated NRC. There are two reasons for this view. 

The first three samples were studied using an adsorption assembly which had less 
adequate temperature control along the column and within the chamber containing the 
sample. Moreover, the sample chamber was attached to the column by means of a 
greased taper joint, which might have caused some contamination of the surface. The 
assembly used to study sample NRC (and for the benzene adsorptions reported in 
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Part 1), was free from any greased joints, as metal chambers or plates and indium 
gaskets were employed for those parts of the assembly which were removable. 

To evaluate the Gibbs integral for the first region involving relative pressures less 
than 0.2, the equation 
___RT__ |, Bipe-?) 

(A+B)Ao Ap+Bp° 


{2] Ss0—Tsy = 





was employed. 

This equation results from expressing the quantity adsorbed by the B.E.T. equation, 
and substituting the appropriate expression into equation [1]. The B.E.T. equation 
expressed the adsorption data admirably from 0.02 to 0.20 relative pressure. In equation 
[2] A is (C—1)/(T,C) and B is 1/(T,,C), where T,, is the number of moles required to 
complete a monolayer on 1 gram of adsorbent. A» is the area of the sample in square 
centimeters per gram. To check this procedure the Gibbs integral was also expressed as 

. r pit 
Cn—Te = Ary ar+hl Td in p/T, 
A 0 0 A 0 0 
and a plot of [ versus In p/T was integrated graphically from the extrapolated value 
of p/f at T = 0, up to the value at the relative pressure of about 0.2. The agreement 
between the two methods was, in the case of two separate experiments, 17.5 and 17.3 
ergs cm~’, and 20.5 and 18.7 ergs cm~?, respectively. 

Evaluation of the integral for the second section of data was performed graphically. 
The range of relative pressure over which graphical integration was performed was 
from about 0.2 to 0.97. In this range the contribution to the lowering of surface free 
energy fell between 13.8 and 15.6 ergs cm™ for all runs, and as the limits of integration 
varied slightly for each run, the agreement was considered satisfactory. 

Because of the conclusions derived from the study of the high relative pressure end 
of the benzene isotherms, the evaluation of the integral for the ethanol data from 0.97 
to 1.0 of the relative pressure range was performed analytically. It should be noted 
that the value of the surface free energy lowering does not depend upon whether or not 
the Kelvin correction has been applied, but the upper limit of relative pressure at which 
lr approaches infinity will exceed the experimental value of 1.0, and this fact should 
be considered if the limit of relative pressure is involved in the analytical form by which 
the evaluation is made. : 

Insufficient data at the very high experimental relative pressures above 0.97, introduced 
some uncertainty in the evaluation of the lowering of the surface free energy. With the 
data available three procedures were possible. These were: (1) To utilize the data obtained 
for relative pressures above 0.80 in the form of a Hill plot (i.e. 1/T* vs. In p/p®) and ignore 
the two values at the highest pressures (which might be considered incorrect, since they 
suggest that ! — © at the experimental relative pressure 1.0) and thus obtain the slope 
a from the lower relative pressure data. This resulted in a value of — Ao from 0.97 relative 
pressure to I’ infinite of 2.1 ergs cm~*. (2) To utilize the data for the four highest relative 
pressure points to obtain the slope a of the Hill plot. This yielded 0.35 ergs cm~?. (3) 
To use the knowledge of the area determined with nitrogen to predict the required 
relative pressure to make I infinite, and employ this along with all data for relative 
pressures above 0.80 to obtain the slope a. This gives a value 1.2 ergs cm~°. 

If one separates the data obtained into two groups, namely those data found in the 
first adsorption run, and those found in subsequent adsorption runs after what appeared 
to be sintering of the salt by the ethanol, the total lowering of surface free energy would 
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be 31.6 to 33.3 ergs cm for the first adsorption before sintering occurred, or 35.6 to 
37.3 for subsequent adsorptions. Taking the mean of these results, the lowering of surface 
free energy is 34.5+2.9 ergscm~*. In the estimate of this value, in addition to the 
uncertainties arising from the procedures outlined above, there is the conversion of 
values to unit surface on the basis of an area to nitrogen reported as 52 m* g—'. The area 
as measured by ethanol before sintering was 16.5 m* g~'on the basis of 20.7 A? for the 
area of the ethanol molecule. The conversion factor of 0.317 was retained in dealing 
with the sintered sample, of ethanol area 11.2 m* g~'. Van Zeggeren’s and Benson’s value 
of o,; was obtained at 25°C, while the value of 34.54+2.9 ergs cm~* was obtained at 
35.3° C. However, these may be combined to give an approximate value of o,, on assuming 
cos @ = 1.0; thus o,. ~ 21.5+1714+34.5 = 227 ergs cm~?. This value is consistent with 
the value 276 ergs cm~ for the total surface enthalpy, and leads to a value of about 
0.16 ergs cm~? deg for dc,,/07T. Similar experiments to determine o,; and o4.—¢.y* for 
solvents other than ethanol are required to establish that the value derived for og is 
independent of the solvent employed. For the moment the provisional value of 227 ergs 
cm~ is suggested. 
TABLE IV 
Ethanol adsorption 
(Weight of sample, 0.0847 g; sample designation NRC; temp., 35.3° C) 











b/?*, Weight adsorbed, b/P°, Weight adsorbed, 
uncorrected bg uncorrected ug 
First adsorption Second adsorption 
0.020 325 0.428 455 
0.050 446 0.538 471 
0.093 509 0.760 519 
0.150 557 0.805 535 
0.231 553 0.883 578 
0.366 592 0.948 645 
0.497 608 0.979 797 
0.640 617 0.983 834 
0.797 639 
0.860 695 Third adsorption 
0.921 713 0.018 215 
0.969 865 0.042 314 
0.986 1178 0.091 373 
0.181 415 
First desorption 0.335 458 
0.046 307 0.511 488 
0.076 333 0.673 519 
0.127 360 0.751 539 
0.408 462 0.795 552 
0.624 499 0.860 565 
0.908 624 0.874 583 
0.937 708 0.962 717 
0.995 3435 
0.996 3591 
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CATALYTIC ACTIVATION OF MOLECULAR HYDROGEN 
BY RUTHENIUM (III) CHLORIDE COMPLEXES! 


J. F. Harrop,? STEFANIA CICCONE, AND J. HALPERN 


ABSTRACT 
Ruthenium(III) chloride, in aqueous HCI solution, was found to activate Hz homogeneously 
and to catalyze the reduction by Hz of Ru(IV) and Fe(III). The kinetics of these reactions 
were examined and, in each case, the rate law was found to be —d{H2|/dt = k,{H2|[Ru™'} 
where k; = 4.010" exp [—23,800/RT] M- sec!. The mechanisms of these reactions are 
discussed and compared to those of other homogeneously catalyzed reactions of hydrogen. A 


special feature of the present system is the resistance of the catalytic species itself (i.e. Ru!!!) 
to reduction by He. 


INTRODUCTION 


Among the metal ions and complexes which have previously been reported to activate 
molecular hydrogen homogeneously in solution are the chloride complexes of two group 
VIII metals, Pd’! and Rh‘?! (1, 2, 3). In extending these studies we have now found 
that the chloride complexes of another member of this group, Ru‘"!, exhibits similar 
catalytic activity. Thus Ru‘!!', in aqueous HCI solution, catalyzes, under relatively 
mild conditions, the homogeneous reduction by hydrogen of Ru'Y and of Fe™'. The 
present paper describes a kinetic study of these reactions. 


EXPERIMENTAL 


In most of the experiments, the source of ruthenium was Johnson, Matthey (NH,)>- 
RuCl, (99.7%). Essentially similar results, however, were obtained using Johnson, 
Matthey specpure (NH,)2RuCl;.H2O or RuCl;.3H.O as starting materials. When dis- 
solved in concentrated HCI all of these gave solutions having essentially the same spectra 
and exhibiting similar reactivity toward He. The spectrum in each case corresponded 
with that reported by Wehner and Hindman (4) for Ru!Y. The presence of all the ruth- 
enium in these solutions as Ru’Y was further confirmed (a) by titration with Sn™ and (6) 
by measuring the volume of H2 taken up by the solution. The latter corresponded to 
one atom of hydrogen for each atom of ruthenium and the spectrum of the resulting 
reduced solution agreed with that reported by Jorgensen (5) for Ru'!!. The concentrations 
of Ru!Y determined by these various methods were in excellent accord with each other 
and (to within 5%) with the total ruthenium concentration estimated by spectrophoto- 
metric determination of perruthenate, following distillation as RuO, using bismuthate 
as oxidant (6). 

Solutions of Ru", used to study the catalyzed reduction of Fe'™', were prepared by 
reducing solutions of Ru'Y with He. 

Kinetic measurements were made by following the uptake of hydrogen using the 
apparatus and procedure described earlier (7, 1). 


RESULTS AND DISCUSSION 
Solutions of Ru’Y were found to absorb Hz in an autocatalytic manner as shown in 
Fig. 1. The stoichiometry of the total H2 uptake (Table I) corresponds to complete 
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Fic. 1. Autocatalytic reduction of Ru'Y by H: at 80° C, 450 mm Hg, 3)M HCl. 


TABLE I 
Autocatalytic reduction of Ru!Y 
(3 M HCl; 3.6X10-* M H:2; 80°C) 











Initial [Ru!Y] Total He uptake ky 
(moles/1.) (moles/1.) (1. mole sec!) 
0.037 0.019 1.07 
0.048 0.024 1.08 
0.055 0.030 0.91 





reduction of Ru'Y to Ru!™', 
2Ru!¥Y + H: — 2Ru!!! + 2Ht {1] 
as do the spectra of the final solutions. 


The autocatalytic behavior may be explained in terms of catalysis of the reaction by 
Ru'!', and fitted by a rate law of the form, 


[2] —d[H2]/dt = $d{[Ru'""]/dt = ky[H2][Ru'™"]. 
With [H2] constant during the course of each experiment, this yields on integration, 
[3] log [Ru?"] = log [Ru™] nitiaa + 24i[H2]t/2.303. 


In accord with this, plots of log [Ru'""] vs. time, such as that depicted in Fig. 1, were 
found to be linear over the major portion of each experiment and to yield consistent 
values of k, (Table I). About 3% of the Ru, initially present as Ru'™'', sufficed to account 
for the initial rates observed in these experiments. Ru’ itself appeared to be unreactive 
toward H, under these conditions. Thus the addition of a small amount of Cr2O;~, which 
oxidizes the Ru" initially present, inhibited completely the uptake of H». Conversely 
the initial rate of uptake of H» could be increased (and the total amount of H2 taken up 
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correspondingly decreased) by prior reduction of a portion of the Ru'Y to Ru!" by Sn". 
These effects were completely reversible and the rate of uptake of He under given con- 
ditions was found, in accord with equation [3], to depend only on the concentration of 
Ru!!! and not on the method of attainment of the latter. 

Although responsible for the activation of H: in this system, Ru‘"! itself showed little 
tendency to undergo reduction (i.e. to Ru" or metallic Ru). Thus the uptake of hydrogen 
in the experiments described ceased abruptly when all the Ru?Y had been reduced to 
Ru!!". However, like Rh'!! and Pd'!, which also activate hydrogen under these con- 
ditions, Ru"! proved to be an effective catalyst for the homogeneous reduction of Fe!™. 
(The latter, unlike Cr,O;-, is not a sufficiently strong oxidant to oxidize Ru"! to Ru!¥.) 
Thus the reaction, 

2Felll + H, — 2Fe!! + 2H* [4] 


proceeded readily in the presence of Ru'!!. Since both [H2] and [Ru‘""] remained constant 
during the reaction, the uptake of H2, while still conforming to equation [3], followed a 
pseudo zero-order rate law. Typical zero-order plots for such experiments are shown in 
Fig. 2. Values of k:, computed from the slopes of these plots using equation [3] are listed 
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Fic. 2. Ru!!!-catalyzed reduction of Fe!!! by Hz at 80° C, 450 mm H., 3 M HCI. 


in Table II and are seen to be substantially independent of [Ru'"'], [He], and [Fe?!"]. 
At 80°C, in 3 M HCl these values range from 0.90 to 1.10 M-— sec and are thus in 
excellent agreement with the values of k; determined from the autocatalytic reduction of 
Ru!Y (Table I). There thus seems little doubt that the two reactions proceed by a common 
mechanism, the rate-determining step of which is a bimolecular reaction between H: and 
Ru!!". Since the kinetics of the Ru"!!-catalyzed reduction of Fe"! are simpler than those 
of the autocatalytic reduction of Ru'Y and since both yield essentially the same in- 
formation, most of the measurements were made on the former reaction. 

Kinetic measurements over the temperature range 65° to 85° C yielded the values of 
k, listed in Table II. These gave a good Arrhenius plot fitted by the equation 


[5] k, = 4.0X10" exp [—23,800/RT] M— sec. 











HARROD ET AL.: CATALYTIC ACTIVATION OF H: 1375 


TABLE II ' 
Ru!!!-catalyzed reduction of Fe!!! 


Temp. (Ru!!!] {[FeCl,] 

















3 H2 {H2] X 10* Rate X 10° ky 

(3 (moles/l.) (moles/1.) (mm) (moles/I.)* Medium (mole!- sec™') (Ll. mole sec™) 
80.7 0.0145 0.074 450 3.60 3M HCl 0.475 0.91 
80.6 0.014 0.19 = si " 0.46 0.91 
80.6 0.018 0.17 er 5 - 0.64 0.99 
80.7 0.025 0.125 x ss e 0.79 0.90 
80.6 0.028 0.125 5 a ™ 0.94 0.93 
80.0 0.029 0.125 ™ & 1.13 1.05 
80.0 0.029 0.125 342 2.74 ” 0.87 1.09 
80.0 0.029 0.125 245 1.96 ™ 0.60 1.06 
80.0 0.029 0.125 156 1.25 - 0.382 1.05 
85.3 0.018 si 380 3.00 = 0.89 1.65 
80.2 0.018 : 450 3.60 “ 0.625 0.96 
75.0 0.018 * 500 3.84 = 0.414 0.60 
70.4 0.018 ¥ 550 4.24 ni 0.262 0.34 
64.9 0.018 4 580 4.50 ry 0.179 0.22 
80.0 0.029 6 450 3.60 6 M HCl 1.14 1.11 
s 0.019 = = 4M HCl 0.70 1.02 
* 0.015 a Z; . 3M HCi 0.56 1.09 
‘3 0.0097 a - ” 2M HCl 0.19 0.54 
7 0.0073 43 e y 1.5 M HCl 0.088 0.33 
, 0.053 i vi - 3 M HCl 2.09 1.10 
v5 ‘ ” wi 1.5 M HCl; 1.01 0.53 

1.5 M LiCl 
3 ¥ 4 = ws 0.75 M HCI; 0.70 0.36 
2.25 M LiCl 


*Based on solubility of Hz: in 3 M HCl estimated as described earlier (1), 





The corresponding values of AH* and AS*, 23.1 kcal/mole and +6 e.u., respectively, are 
remarkably close to those (24.5 kcal/mole and +9 e.u.) found earlier (2) for the kinetically 
similar reduction of Fe"! by He, catalyzed by Rh'™. 

Little change in k; was noted when the HCI concentration was varied between 3 M 
and 6 M (Table II). Available data (8) on the formation constants of Ru!"!-chloride 
complexes suggest that, at least at room temperature, RuCl,-, RuCl;?-, and RuCl,*- 
are all present in appreciable concentrations in this region and that there is a significant 
displacement of the complexing equilibrium toward RuCl,*- as the HCl concentration 
is increased from 3 M to 6 M. The constancy of the rate thus implies either similar 
reactivities for the various complexes or, alternatively, a displacement of the complexing 
equilibrium at the higher temperature (80° C) of the reaction so that formation of RuCl,*- 
is substantially complete at 3 M HCl. The former alternative is considered the more 
likely one. 

Below 3 M HCI, k; exhibited a marked inverse dependence on the HCI concentration, 
which was only partially offset by addition of LiCl to maintain a constant ionic strength 
and total Cl- concentration. A possible explanation of these effects is in terms of hydrolytic 
equilibria of the type 


Ru(OH)Cl,_:>" + H* + Cl- = RuCl,?™ + H,0, (6) 


where the hydrolyzed species has the lower reactivity. 

A common feature of the mechanisms of many of the homogeneously catalyzed hydro- 
genation reactions thus far examined (3) appears to be a rate-determining heterolytic 
splitting of H: by the catalytic species with the formation of a metal-hydride complex 
which reduces the substrate in a subsequent (generally fast) step. It seems highly likely 
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that the mechanism of activation of Hz by Ru"! also is of this type and that 
reaction scheme in the system under consideration is as follows: 


ky 
Ru!!! + H,=— Ru™!,H- + Ht 


-1 
ke 
Ru!!! H> + 2Rul¥ > 3Ru!! + H+ 
ks 
Ru!!! H~ 4 2Fe!!! — Rul! + 2Fell + H* 


ky 
Ru!!! .H- + Rul! — 2Ru!™! + Ht 


that, 


ko, ks > Ri > ha, Ra. 





the over-all 


(9) 


(10] 


All the observations relating to these reactions are explained by this scheme, provided 


Thus step [7] is irreversible in the presence of Ru!Y or Fe'!!, which react rapidly with 
Ru!!!. H-. However in the absence of such substrates most of the He which reacts with 
Ru!!! is regenerated since step [10] is too slow to compete effectively with reversal of 
step [7]. This situation is analogous in many respects to that already encountered in 
the Cul-catalyzed reduction of Cu'! (7). 
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KINETICS OF THE OXIDATION OF HYDRAZOBENZENE BY 
IODINE AND TRIIODIDE! 


J. W. May? ano J. HALPERN 


ABSTRACT 


The oxidation of hydrazobenzene (AH2) to azobenzene by iodine in aqueous ethanol 
solution was found to be very rapid and in order to render the kinetics measurable it proved 
necessary to reduce the concentration of free iodine by complexing with iodide. This revealed 
a parallel oxidation path, much slower than for iodine, involving the triiodide ion. The over- 
all rate law thus is: —d{[AH2]/d¢ = k,[AH2][I2]+%2{AH2][I3;-] where the rate constants, in 
60 volume% ethanol, are given by, ki = 4.2X10" exp [—10,000/RT] M— sec“ and kz = 
2.5X10" exp [—16,400/RT] M-' sec. These and other features of the kinetics, includ- 
ing the inverse dependence of the rate constants on the ethanol concentration and the 
absence of effects due to added quinone and various metal ions, are interpreted in terms 
of a simple bimolecular mechanism for each path. Some measurements of the thermodynamics 
of triiodide formation in aqueous ethanol also are reported. 


INTRODUCTION 


This paper describes a kinetic study of the oxidation of hydrazobenzene (AH2) to 
azobenzene (A), in aqueous ethanol solution, by iodine and triiodide. The oxidation by 
iodine, 

{1] p CeHsNHNHCcH; + I. ~ CoHsN==NCoH; + 2HI, 


was found to be rapid and, in order to render the kinetics measurable, it proved necessary 
to reduce the concentration of free iodine to a very low level by complexing with iodide. 
This revealed a parallel oxidation path, involving the triiodide ion, I;-, the kinetics of 
which also were examined. Some measurements of the thermodynamics of the triiodide 
equilibrium, required for the interpretation of the kinetic results, also are reported. 


EXPERIMENTAL 
Materials 
AR grade KI and Eastman Kodak hydrazobenzene were recrystallized from aqueous 
ethanol, in the latter case until white crystals (m.p. 127° C) were obtained. Formic and 
acetic acids (C.P.) were redistilled. lodine and other chemicals were of reagent grade. 
Water and ethanol used as solvents were redistilled, the former from alkaline perman- 
ganate. 


Determination of the Tritodide Formation Constant 
Although the triiodide equilibrium, 


[2] h+Cl=I,r, 


has been examined in aqueous solution (1, 2) no data were available for aqueous ethanol 
and the equilibrium constants, K (= [I;-]/[I.][I-]), required for interpretation of the 
kinetic results were therefore determined experimentally. A spectrophotometric pro- 
cedure, similar to that of earlier workers (1, 2) was used. This involved, essentially, 
determination of the equilibrium I;- concentration in a solution of KI and I, by 
measuring the absorption in the 3500-3600 A region where I;- absorbs strongly (€max 
~2.7X10*) and I, and I-, negligibly. From the initially known KI concentration, the 
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equilibrium I~ concentration (generally in the range 0.5-20 X 10~* M) could be computed, 
while the equilibrium I; concentration (generally 0.5-2.5 X 10-> M) was determined (after 
the measurement of the I;- concentration) from the increase in I3~-, on addition of an 
excess (~0.1 M) of KI sufficient to displace equilibrium [2] far to the right and convert 
essentially all the free I, to I13~. The I;~ absorption spectrum exhibited a slight dependence 
on the solvent composition and was determined for each of the solvent mixtures used. A 
Beckman DU spectrophotometer with a thermostated cell compartment was used for 
the spectrophotometric measurements. The normal precautions (e.g. deaeration of sol- 
vents, use of stoppered spectrophotometer cells to which solutions were transferred 
with a hypodermic syringe after flushing with N2) were taken in preparing the solutions 
and in making the spectrophotometric measurements, to minimize air oxidation of 
iodide. The effectiveness of the resulting procedure was confirmed by running a parallel 
blank (with a solution containing KI only) for each experiment and determining the 
amount of iodine formed by air oxidation. The latter was always small and the correction 
to K from this source generally amounted to less than 3%. In some experiments, notably 
at the higher temperatures, a small decrease in the total iodine concentration (due 
presumably to reduction by the solvent or buffer) during the period required for thermal 
equilibration of the solution and for the spectrophotometric measurement was noted 
and, where necessary, corrected for; this correction also was small, in every case less 
than 3%. 


Kinetic Measurements 

To minimize zero-time errors the reaction was started by adding 10 ml of a standard 
hydrazobenzene solution to 90 ml of a solution containing all the other reagents (KI, 
I,, and buffer) after both solutions had already reached the reaction temperature. The 
reaction vessel, a darkened stoppered flask, was immersed in a water bath, thermostated 
to +0.03° C. Aliquots of the reacting solution were withdrawn periodically and after 
the reaction was quenched by addition of an excess of thiosulphate (to reduce the un- 
reacted iodine) the concentration of azobenzene produced was determined spectro- 
photometrically by measuring the absorption at 4300 A where interference from other 
species was negligible. The spectrum of azobenzene exhibited an appreciable solvent 
dependence and was determined for each of the solvent mixtures used. 

The choice of a mixed solvent, aqueous ethanol, was dictated by the requirement for 
simultaneous solubility of hydrazobenzene, azobenzene, KI, and buffer (0.26 M HOAc — 
0.047 M KOAc, unless otherwise stated). The latter served to buffer the solution against 
the HI produced in the reaction and thus prevent the acid-catalyzed benzidine rearrange- 
ment of hydrazobenzene. A few unbuffered experiments were made, however, to check 
the reaction stoichiometry. In these it was found (by potentiometric titration with 
NaOH) that, in accord with equation [1] and with the corresponding equation for the 
oxidation of hydrazobenzene by I;-, 


[3] AH, + 1.° > A + 2H! + TI, 


two equivalents of acid were produced for each molecule of azobenzene. Further support 
for the proposed stoichiometry and for absence of side reactions was provided by the 
excellent agreement always observed (in experiments in which the initial iodine con- 
centration exceeded that of hydrazobenzene) between the initial hydrazobenzene and 
final azobenzene concentrations. 

The spectrum of the azobenzene product corresponded to that of the trans isomer. 
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RESULTS 
Thermodynamics of I;~ Formation 
Values of the I;- formation constant, K, determined over a range of temperatures 
and solvent compositions, are listed in Table I. From the temperature dependence of K 


TABLE I 
Equilibrium constants for I;~ formation 











Temp. Volume% Buffer concn.* KX<10™ 

(°C) ethanol (M) (M-) 

16.8 0 0.31 0.082 

14.9 0 ns 0.086 

14.9 50 ‘i 2.05 

15.0 55 @ 2.33 

14.9 60 - 2.57 

14.9 65 ia 3.13 

14.9 75 2 4.28 

11.9 60 0.15 3.51 (2.88) 
12.4 sd 9 3.48 (2.86)f 
14.9 $i = 3.13§ 

17.9 5 se 2.71 (2.22)t 
22.8 Ms es 2.02 (1.66)f 
27.4 $s ¥ 1.58 (1.30)f 
32.3 7 ‘- 1.19 (0.98)t 





*Buffer composition: [HOAc]:[KOAc] = 5.7:1. 

t+tComputed from the measured value at 16.8° C using AH® = —4.8 kcal/mole (1). 

tThe values in parentheses are adjusted to the normal buffer concentration of 
0.31 M. 


§Obtained by interpolation from the data at the other temperatures. 


in 60 volume% ethanol, the values of AH® and AS® for the formation of triiodide (reaction 
[2]) were found to be —9.5 kcal/mole and —13 e.u., respectively; the corresponding 
values in water are —4.8 kcal/mole and —3e.u. (1). 

The marked dependence of K on the ethanol content of the solvent (corresponding 
to a 50-fold increase in going from pure water to 75 volume% ethanol) is in the direction 
expected from a consideration of the polarities of the two solvents. Water, being the 
more polar solvent, undoubtedly solvates and stabilizes I~ (relative to the larger I;— 
ion) to a greater degree than ethanol and thus favors dissociation of I;-, relative to 
ethanol. The more negative AH® and AS® values for I;~ formation in the mixed solvent, 
relative to pure water, also find explanation in these terms. 

In the series of experiments made to determine the temperature dependence of K, 
the buffer concentration was reduced to half its normal value (0.15 instead of 0.31 VM) 
in an attempt to eliminate a possible cause of the instability (referred to earlier) which 
the iodine solutions sometimes exhibited on prolonged standing at the higher tempera- 
tures. Where they overlap, the measurements at the two different buffer concentrations 
reveal a slight inverse dependence of K on the buffer concentration. Thus at 14.9° C 
and 60 volume% ethanol, the values of K for buffer concentrations of 0.15 and 0.31 M 
(i.e. 3.13104 and 2.57104 M-', respectively) differ by a factor of 0.82. This factor 
was assumed to be temperature independent and was applied to the data at other 
temperatures to obtain values of K (given in parentheses in Table |) for 0.31 M buffer, 
which were used in the kinetic calculations. The correction factor is small enough that 
the introduction of an appreciable error from this source is unlikely. 
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Kinetics 

The over-all rate law for the oxidation of hydrazobenzene was found to be, 
(4) —d{AH2]/dt = ki[AHe][12]+22{AH][I 37] 
(5) = (ki/K[(I-]+:2)[AHg][Is7]. 


Under the conditions pertaining in all the experiments the triiodide equilibrium [2] was 
displaced far to the right, hence [I;~] ~ [le]z, where [I2]7 (= [I:]+[Is7]) is the total (i.e. 
stoichiometric) iodine concentration. Equation [5] thus reduces to a pseudo second-order 
rate law, 


[6] —d|AH2]/dt = kexp[AH2][Ie]r 

where, 

[7] Rexp sed ki/K{I-]+k:. 

On integration, this gives, 

(8) log ({I2]r/[AH2]) = log ({L2]r/[AH2}) niet + (1 2} — [AH 9]) inttiarRexp ¢/2.303. 


In accord with equation [8] each experiment yielded a good plot (generally extending 
over at least 90% of the reaction) of log ({I2]7/[AH2]) vs. time (Fig. 1) from the slope 
of which k,,;, was determined. Values of k; and kz were determined from the slopes and 
intercepts of linear plots (Figs. 2 and 3) of exp vs. [I-]-! according to equation [7] using 
the values of K in Table I. The latter are uncorrected for ionic strength effects due to 
the varying KI concentration and the values of k; are thus subject to some systematic 
influence from this source whose magnitude is difficult to assess. 

















\ 1 1 
a 200 400 600 
TIME - SEC 


Fic. 1. Typical second-order rate plots. (15° C; 75 vol.% ethanol; 0.31 M buffer. Initial reactant con- 
centrations: 1.20X10-? M AH2; 5.46107? M total Is.) 
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2 1G. 2. Plots of exp vs. [I~]-! according to equation [7]. Effect of temperature. (60 vol.% ethanol; 0.31 M 
buffer.) 
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Fic. 3. Plots of kexp vs. [I~]. Effect of solvent. (15° C; 0.31 M buffer.) 
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Values of exp listed in Table II are seen to be independent of the initial AH» con- 


TABLE II 


Effects of initial reactant concentrations, buffer, and other solutes 
({I-] = 0.25 M; Temp. = 15° C; 60 volume% ethanol) 








Initial reactant concn. (M) 








- Other kexp 
[AHa] X 108 [I2}7 X 10° Buffer (7) (X104 M) (M~ sec“) 
0.66 5.46 0.26 HOAc-0.047 KOAc — 0.92 
0.91 rs * — 1.00 
1.20 id “% ~ 0.98 
1.52 3 e — 1.00 
1.82 a: Hs — 1.12 
2.66 _ “ _ 0.99 
3.03 is 3 1.03 
1.20 0.33 - 1.79 
ie 0.98 ‘ 1.32 

3.00 : — 1.11 

4.10 — 0.98 

4.46 — 1.02 

6.20 ? — 1.00 

7.05 _~ 1.00 

1.80 5.65 1 Quinone 0.99 
1.80 5.65 d eBags 1.04 
1.80 8.47 a 1 Co(ClO,)2 0.91 
1.80 8.47 4 ees 0.90 
1.20 5.32 : 1 FeSO, 0.82 
1.20 5.32 ee 1 UO2(OAc)> 0.98 
1.20 5.32 2 1 Cr(ClO,)s 1.00 
1.20 5.32 6 1 Hg(OAc)> 0.98 
1.20 6.35 0.13 HOAc—0.023 KOAc — 0.66 
1.20 6.20 0.26 ” -0.047 ” — 1.00 
1.20 6.35 0.39 ” -0.070 ” 1.13 
1.20 4.48 0.088 HCOOH-0. 162 NaOOCH — 0.62 
= 0.100 ” -0.150 — 0.76 
. 0.125 "0.125 = 0.65 

0.150 ” -0.100 2 — 0.66 

0.175 "” -0.075 e — 0.64 

0.200 ” 0.050 — 0.68 








centration. Independence of the initial iodine concentration was observed only when 
the latter exceeded 3.0 10-* M. At lower concentrations an apparent inverse dependence 
of kexp on [Iz] was noted which is believed to reflect the increasing relative importance 
of air oxidation of hydrazobenzene under these conditions. In view of this all the perti- 
nent kinetic measurements were made with [I,], > 5xX10-* M, i.e. in the region of 
constant Rexp. 

At least over a limited pH range, in weakly acid solution, the rate of reaction appeared 
to be pH independent. Thus no variation in k,x, was noted in a series of experiments 
with formic acid — formate buffer ratios ranging from 1:1.85 to 4:1 (corresponding to a 
pH variation of 4.02 to 3.15, in aqueous solution).* With increasing pH, however, 
marked acceleration of the reaction was noted indicating the emergence of an additional, 
base-catalyzed path, in neutral and basic solution. This region was not investigated. 

With acetic acid — acetate buffers of constant ratio, some dependence of the rate on 
the total buffer concentration was noted (Table II), presumably due to an ionic strength 
effect. 


* Formate buffers were used in place of acetate buffers in these experiments in order to achieve as large a variation 
of pH as possible, without approaching the pH range where base catalysis might begin to play some part. 
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Values of k; and kz in 60 volume% ethanol for various temperatures ranging from 
0° to 25°C are listed in Table III and yield the Arrhenius expressions, 


[9] ky, = 4.2X10" exp [—10,000/RT] M— sec“, 
{10} ke = 2.5X10" exp [—16,400/RT] M— sec. 


Both frequency factors are in the normal range for simple bimolecular reactions. 


TABLE III 


Temperature dependence of the rate constants 
(60 volume % ethanol; 0.31 M 5.7:1 HOAc—-KOAc buffer) 














Temp. ki/K ki X10 kz 
(°C) (sec) (M- sec!) (M™ sec) 
0.0 0.049 3.2 0.020 
10.0 0.141 5.0 0.050 
15.0 0.220 5.7 0.12 
20.0 0.655 12.8 0.14 
25.0 1.00 14.6 0.25 





Measurements in different solvent mixtures ranging from 45 to 85 volume% ethanol 
reveal a marked inverse dependence of kx, on the ethanol content (Fig. 3, Table IV). 


TABLE IV 
Solvent effects 
(15.0° C; 0.31 M 5.7:1 HOAc—-KOAc buffer) 











Volume % — kexp (0.25 M KI) ki X1073 ke 
ethanol (M— sec) (M- sec!) (M™~ sec) 

45 3.40 
50 2.02 - 8.4 0.38 
55 1.36 
60 0.984 §.7 0.12 
65 0.775 
70 0.610 
75 0.472 4.8 0.021 
80 0.342 
85 0.248 





While k; and k» both contribute to this trend the solvent effect is much greater for the 
latter. Thus, on going from 75 to 50 volume% ethanol, k; increases by a factor of 1.75 
and k» by a factor of 18.1. 

Addition of 10-* M benzoquinone and comparable concentrations of salts of a number 
of metal ions including Co*+, Fe?+, UO.?+, Cr**+, and Hg?*, were without marked effect 
on the rate (Table II). The largest effect, exhibited by FeSO., was a reduction of 18% 
in the rate. 


DISCUSSION 
Although hydrazobenzene is known to be oxidized readily by many oxidants only in 
a few other cases, notably for S,Os-.(3) and Oy, (4), have the reaction kinetics been 
examined. In connection with each of these reactions, including the present ones, there 
arises the question of whether oxidation of hydrazobenzene occurs by a “molecular” 
(i.e. one-step) mechanism or by a multi-step mechanism involving the a,6-diphenyl- 
hydrazyl radical (AH) as an intermediate. A mechanism of the latter type, involving 
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a chain reaction propagated by the AH and SO¢ radicals, has been demonstrated by 
Whalley, Evans, and Winkler (3) for the oxidation of hydrazobenzene by persulphate, 


{11a} AH: + S,0s — AH + HSO, + SO,, 
{11)] AH: + SO,” ~ AH + HSO;-, 

[11] AH + S.0;7 > A + HSO,- + SO, 
[11d] 2AH — A + AHz. 


For the oxidation by Oz, on the other hand, 
[12] AH, + O: —A + H:O,, 
at least under certain conditions, a one-step mechanism has been suggested (4). 
For the oxidation of hydrazobenzene by I, (and similarly by I;-), both a simple one- 


step mechanism (equation [1]) as well as a chain mechanism analogous to that for 
persulphate, i.e. 


[13a] AH; + 1: > AH + HI +1, 
[130] AH; + 1—> AH + HI, 
[13¢] AH +1,>A+HI +], 
[13d] 2AH > A + AH,, 


appeared at the outset to be reasonable possibilities. The evidence accumulated in the 
present study, among which the following in particular may be cited, is considered to 
favor strongly the former alternative: 

1. The second-order kinetics and normal frequency factors for both the AH.—I. and 
AH;-I;~ reactions are most readily reconciled with a simple bimolecular rate-deter- 
mining step in each case. A chain mechanism such as that considered above would be 
expected to exhibit marked departures from second-order kinetics such as are observed 
for the AH»—-S.O;= reaction (3). 

2. The absence of significant effects due to addition of quinone and of various oxi- 
dizing and reducing metal ions which commonly catalyze or inhibit chain reactions (5). 
Failure to observe any such effects in the present case makes it very unlikely that a 
chain mechanism is involved. 

The very low activation energy, notably for the I, reaction, is most readily reconciled 
with a “‘cyclic’’ activated complex, such as (I), which is stabilized both by incipient 
formation of the relatively strong H—I bonds and by a substantial portion of the 
resonance energy of the incipient azobenzene molecule. 





CsHs—N=-N—CoH; CcH;—N-= N CsH; 


H H H H 


(1) (11) 


An alternative mechanism, namely hydride transfer from AH: to I», leading to the 
formation, initially, of I-, HI, and AH? (i.e. the conjugate acid of azobenzene) is con- 
sidered less likely in view of the absence of evidence (e.g. a low frequency factor) for 
a highly polar transition state which would be expected for such a mechanism. Both 
mechanisms are consistent with the formation of trans-azobenzene, the more stable isomer, 
as the initial product. 
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An analogous path (II) may be envisaged for the I;~ reaction. The lower reactivity 
of I;-, relative to I:, is reflected largely in the activation energy difference (16.4 vs. 
10.0 kcal/mole) between the two reactions. The additional activation energy of 6.4 
kcal/mole represents a substantial portion of, though not quite all, the energy of 9.5 
kcal/mole required to remove the extra I~ ion completely (i.e. to dissociate I;- into 
I, and I-); this suggests that the extra I- ion is nearly dissociated in the activated 
complex. Also in accord with this interpretation is the much greater accelerating effect 
of water on kz than on ki, which may be explained in terms of an additional contribution 
to stabilization of the activated complex by solvation of the incipient I~ ion. 
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NOTES 


THE PREPARATION OF ALKOXIDES AND TRIETHYLSILANOLATES 
OF Ti, Zr, V, Nb, Ta, AND Sn FROM THE DIALKYLAMIDES 


I. M. THomas* 


The chemical properties of the dialkylamides of titanium, zircoaium, vanadium, 
niobium, tantalum, and tin have recently been studied in this laboratory (1), and it has 
been found that they are very reactive to reagents containing replaceable hydrogen atoms. 
Besides being extremely sensitive to moisture, they react smoothly and completely with 
alcohols and triethylsilanol at room temperature in benzene to give the corresponding 
alkoxides and triethylsilanolates with the liberation of the dialkylamine: 


M(NR:)z + xR!10H — M(OR!), + xR2NH, 
M(NR:2), + xEt;SiOH — M(OSiEts;), + xR2NH. 


This method has been used by Gilman et al. (2) to prepare uranium!’ tetraalkoxides 
from tetrakis-diethylamido-uranium'Y. 

Previous methods of preparation of transition metal alkoxides have utilized the metal 
chloride as starting material, and subsequent side reactions have reduced the yields in 
many cases. No niobium penta-t-alkoxides (3) or vanadium!’ tetraalkoxides have been 
reported. 

The preparation of trialkylsilanolates from trialkylsilanols is also hindered by the 
ease with which the trialkylsilanols condense to a disiloxane and water under the influence 
of acidic or ‘Lewis acidic’ reagents (4), with subsequent hydrolysis of the product. 

The absence of side reactions in this method enables near quantitative yields to be 
obtained in all cases, and it is particularly suitable for the preparation of all alkoxides 
of vanadium!” and tin, and the tertiary alkoxides of zirconium and niobium. 

It should be noted that niobium!” tetra-dialkylamides on reaction with alcohols and 
triethylsilanol give pentavalent derivatives. Repeated attempts to prepare tetraalkoxides 
were unsuccessful, and it is evident that reduction of the alcohol by Nb’Y readily takes 
place even at 0° with subsequent formation of a pentavalent product. However, the 
comparative stability of vanadium in the tetravalent state enabled substantially pure 
tetra derivatives to be prepared from vanadium!’ tetra-dialkylamides. 


EXPERIMENTAL 
Special precautions, e.g. carefully dried all-glass apparatus, were adapted to avoid 
hydrolysis, and all experiments were conducted under an atmosphere of dry, oxygen-free 
nitrogen. 


Analysis 

Metals, except vanadium, were determined gravimetrically as the ignited oxides (4), 
and silicon as silica (4). An oxidation method (5) was used for the determination of 
ethoxy and isopropoxy groups, and basic nitrogen was estimated in a modified Kjeldahl 
apparatus (1). Estimation of vanadium and valency determination were carried out using 
a Jones reductor and ceric sulphate solution (6). 

The alcohols and benzene were dried azeotropically prior to use. 


*Present address: Stauffer Chemical Company, Anderson Chemical Division, Weston, Michigan, U.S..1. 
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The preparations of dialkylamido compounds of titanium, zirconium, and tantalum 
have been described (1, 7). Those of vanadium and niobium will be reported in another 
communication. Tetrakis-diethylamido-tin was prepared as described below. 
Preparation of Tetrakis-diethylamido-tin 

Stannic chloride (19.0 g) in benzene (50 ml) was added, over 20 minutes, to a stirred 
solution of lithium diethylamide in ether (300 ml of 1.18 N solution). The mixture was 
refluxed for 3 hours after the addition and then stirred overnight at room temperature. 
Evaporation of the solvent under reduced pressure, and distillation of the residue under 
high vacuum gave tetrakis-diethylamido-tin (8.90 g: 30% yield) as a pale yellow liquid, 
b.p. 90°/0.1 mm. Found: Sn, 29.1%; N, 13.4%; Cl, zero. Calc. for Sn(NEt2)4: Sn, 29.1%; 
N, 13.8%. 

Since the technique used in the alcoholysis and silanolysis reactions was essentially 
the same in each experiment, the details are given for the preparation of zirconium tetra- 
t-butoxide and the other results summarized in Tables I and II. 


TABLE I 
Preparation of alkoxides 























Product 
Dialkylamide reine Found (%) Calc. (%) 

7o : . 
Alkoxide Type Wt. (g) Wt. (g) yield B.p./mm M OR M OR 
Ti(OBu"), Ti(NPr2"), 5.30 3.85 95 140°/0.1 13.9 — 14.1 — 
V(OBu')« V(N Mes), 3.10 4.07 87 55°/0.05 15.0* — 14.8 — 
V(OPr*), V(NMez), 6.65 8.10 98 55°/0.1§ 17.9 82.6 17.7 82.3 
Nb(OBu‘)s. Nb(NEte), 1.98 1.76 74 90°/0.1f 20.4 — 20.3 — 
Nb(OPr*)s Nb(NEtz)4 5.44 3.90 72 80°/0.1 24.0 76.6 24.0 76.0 
Ta(OBu"); Ta(NPro")sNPr® 6.44 6.15 98 210°/0.05 33.0 — 33.1 — 
Ta(OEt); Ta(NPr2");sNPr®™ 4.75 3.16 92 145°/0.05 44.2 54.6 446 55.4 
Sn(OPr*), Sn(NEte), 7.00 4.60 75 120°/0.085 33.3 66.6 33.4 66.6 





*Valency 4.10, royal blue liquid. 
tValency 4.08, dark green solid. 
a temperature. 
4 


-p. 4 
Note: All products were analyzed for basic nitrogen content and this was found to be zero in every case. All products, except 
those of vanadium, were colorless solids or liquids. 


TABLE II 
Preparation of triethylsilanolates 




















Product 
Dialkylamide —— Found (%) Calc. (%) 

Triethyl- % 

silanolate Type Wt. (g) Wt. (g) yield B.p./mm M Si M Si 
Ti(OSiEts)« Ti(NEte), 4.95 7.60 90 150°/0.1* 8.41 19.5 8.36 19.6 
Zr(OSiEts)« Zr(NEte)« 4.07 6.17 93 150°/0.1 14.9 18.1 14.8 18.2 
V(OSiEts)4 V(NEtz2)« 3.54 5.53 92 150°/0.1 9.10¢ 19.2 8.84 19.5 
Nb(OSiEts); Nb(NPr2")« 3.78 5.79 100 —t 12.5 18.6 12.4 18.7 
Ta(OSiEts)s Ta(NEt:);NEt 4.93 8.67 95 210°/0.1§ 21.7 16.9 21.6 16.8 

*M.p. 110°. 


tValency 4.15, blue-green liquid. 

This product decomposes on sublimation at 210°/0.1 mm. 

§Sublimation temperature. , . AL 
NoTE: All products, except those of vanadium, were colorless liquids or solids. All products were analyzed for basic nitrogen 
content, which was found to be zero in every case. 





Preparation of Zirconium Tetra-t-butoxide 
t-Butanol (12 ml: ca. 100% excess) was added dropwise to tetrakis-diethylamido- 
zirconium (5.63 g) in benzene (30 ml). An exothermic reaction took place and the solution 
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was left at room temperature for 20 minutes after the addition. Evaporation of the 
solvent under reduced pressure and distillation of the residue under high vacuum gave 
zirconium tetra-t-butoxide (5.00 g: 88% yield) as a colorless liquid, b.p. 60°/0.1 mm. 
Found: Zr, 23.7%; N, zero. Calc. for Zr(OBu‘),4: Zr, 23.8%. 
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THE ACIDITY OF 9-MONOALKYL- (OR ARYL-) FLUORENES 
G. W. H. ScHERF AND R. K. BROwN 


In a previous publication (1) it was shown that the reaction between equivalent 
amounts of alkyl halide and 9-fluorenyl-potassium (or -sodium) in ether solvents gave 
not only the expected 9-monoalkyl fluorene but as much as 35% yield of 9,9-dialkyl- 
fluorene. This latter product was considered to occur as result of cross metalation between 
unreacted 9-fluorenyl-potassium (or -sodium) and the 9-alkylfluorene initially produced. 
For the 9-alkylfluorene to compete with the alkyl halide for the remaining 9-fluoreny]l- 
potassium as successfully as it apparently did, the postulation was made that the C,- 
monoalkylated fluorene was at least as acidic as, and probably more acidic than, the 
parent unsubstituted fluorene. It is known that 9-phenylfluorene is more acidic than is 
fluorene (2, 3), but that an alky/ substituent at C, of fluorene should also lead to enhanced 
acidity of the remaining hydrogen at carbon 9 is unexpected. The explanation given (1) 
was that of a tendency of the Cy substituent to become coplanar with the planar fluorene 
moiety, hence assisting the tendency to rehybridization of carbon 9 from sp* to sp?, in 
agreement with the known capability of fluorene for carbanion formation (4). Such 
coplanarity is quite possible if the carbon atom attached to Cy of fluorene is methyl or 
methylene. 

Some evidence has now been obtained that certain 9-alkylfluorenes do in fact possess 
somewhat greater acidity than that of the parent fluorene. Several reports concerning 
nuclear magnetic resonance studies show that the chemical shift observed for the proton 
signal is related to the electronic environment and hence the acidity of the proton (5, 6). 
Accordingly an examination was made of the N.M.R. spectra of fluorene, 9-benzyl- 
fluorene, 9-methylfluorene, and 9-phenylfluorene in chloroform solution. The position 
of the Cy proton signal, referred to the proton signal of the solvent, is shown for each of 
these compounds. 
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Signal relative Shift relative to 





Compound to solvent, c.p.s. _fluorene; c.p.s. 
Fluorene +193 0 
9-Phenylfluorene +130 —63 
9-Methylfluorene +181 —12 - 
9-Benzylfluorene +181 —12 





The large shift of 63 c.p.s. found for the proton signal in 9-phenylfluorene relative to 
that of fluorene is clearly an indication of the marked acidity actually found for 9-pheny]l- 
fluorene (2, 3). Both 9-methylfluorene and 9-benzylfluorene show a shift of only 12 
c.p.s. relative to fluorene but in the same direction as that found for 9-phenylfluorene. 
This supports the view that the proton on carbon 9 of these monoalkylated fluorenes 
is also more acidic than the proton in unsubstituted fluorene. 
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NUCLEAR MAGNETIC RESONANCE SPECTRA OF A VINYL PHOSPHATE 
AND THIONOPHOSPHATE ISOMERS (PHOSDRIN AND ‘thionoPHOSDRIN’)* 


J. B. StotHERs AND E. Y. SPENCER 


Some substituted vinyl phosphates, because of their high biological activity, have been 
the subject of a number of recent investigations (1, 2, 3, 4). One systemic insecticide of 
this type, methyl 3-(0,O-dimethylphosphoryloxy)but-2-enoate, (Phosdrin), exists in 
two geometric isomeric forms, Ia and Id, one of which has a much higher anticholinesterase 
activity. An assignment of the configuration about the double bond has been made 
previously on rather weak arguments based on relative water solubility, chromatographic 
behavior, and selective toxicity (1). By analogy, a similar assignment had been tentatively 
suggested for the thiono derivatives, Ila and Id, since their properties were somewhat 
similar to those of the Phosdrins. The thiono derivatives were prepared as part of a 
continuing investigation on the biological activity of phosphate esters, and their pre- 
paration is described herein. The results of the toxicity studies will be reported elsewhere. 


*Contribution No. 192. 
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Two methods utilized for the synthesis of Phosdrin yield different ratios of cis and 
trans isomers (1). One involving the reaction of trimethyl phosphite with methyl a-chloro- 
acetoacetate (5) favors the ‘‘cis’’ isomer slightly while substituting benzyl a-chloro- 
acetoacetate yields only the ‘‘cis’’ form (2). On the other hand, reaction of dimethyl 
phosphorochloridate with the sodium salt of methyl acetoacetate favors the ‘‘trans’’ 
isomer (1). It is of interest that in the synthesis of the thiono derivatives of Phosdrin, 
the latter method gave only the “‘trans’’ product from which the ‘‘cis’’ form was obtained 
by ultraviolet irradiation. Due to low solubilities, the Craig countercurrent extraction, 
employed in Phosdrin isomer separation (2), was replaced by selective elution from acid- 
washed activated alumina. 

The earlier study had assigned the cis configuration, Ia, to the more active isomer. 
(It should be noted that this assignment refers to the relative configuration of the carbo- 
methoxyl and phosphoryloxy groupings.) Recently, Jackman (6) has shown that, in a 
number of 6-methyl-a,8-unsaturated esters, an assignment of configuration can be made 
on the basis of a comparison of the N.M.R. spectra of cis and trans isomers. Therefore, 
the high-resolution proton magnetic resonance spectra of these four compounds have 
been determined in order to confirm or deny the original assignment. 

Each compound was examined in dilute solution in carbon tetrachloride and the 
assignment of peaks from the observed chemical shifts was straightforward. The olefinic 
proton appeared at lowest field and the allylic methyl protons at highest field in each 
case. The methoxyl protons gave rise to three peaks, since the methoxyl groups on 
phosphorus are chemically shifted from the carbomethoxy group and are split into a 
doublet by spin-spin interaction with phosphorus. The distinction between the three 
peaks followed readily since the coupling constants, Jy_p, for both CH;OP —O and 
CH;0P — Sare well known (7). The observed chemical shifts and Jy_p coupling constants 
are listed in Table I. It should be noted that the naming of these compounds arises from 
the previous assignment (1). 


TABLE I 
Proton chemical shifts and coupling constants (Ju_p) 

















v (cycles/sec)* J (cycles/sec ) 

Compound Olefinic H CH;OP CH;00C CH; CH;—OP—X 
‘“‘cis’’ Phosdrin 347 232 222 145 10.4 
“‘trans’”’ Phosdrin 318 233 220 129 11.2 
‘“‘cis’”’ ‘thionoPhosdrin’ 341 233 222 142 14.6 
‘“‘trans’’ ‘thionoPhosdrin’ 322 229 220 126 14.6 





*Measured at 60 Mc/sec, expressed in cycles/sec from the single peak of tetramethylsilane. 
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From these results, it can be seen that the allylic methyl group appears at lower field 
in the previously assigned ‘‘cis’’ forms. Since it is reasonable to assume that the phosphoryl 
group will exert a similar effect on this methyl group in both the cis and trans structures, 
the difference in chemical shift must arise from the orientation of the carbomethoxyl 
grouping. Jackman and Wiley (6) have clearly demonstrated that in similar systems the 
allylic methyl group is found at lower field in that isomer having the carbomethoxyl 
group and the 8-methyl group in a cis relation than in the corresponding trans isomer. 
Therefore, the N.M.R. spectra of these four compounds show the original assignment 
to be incorrect. The more active isomer, the so-called ‘‘cis’’ Phosdrin must be that form 
in which the allylic methyl and carbomethoxyl groupings are in a cis relation. 

There is one further point of interest in this study. It was expected that each of the 
multiplets observed in these spectra could be analyzed by first-order treatment, since the 
relative chemical shift between interacting protons is large compared to the coupling 
constants. In each case, however, the observed pattern was more complex than the 
simple doublet and quartet pattern expected for the allylic methyl and olefinic protons, 
respectively. Only one of these compounds, trans thionoPhosdrin, IIa, is a solid and so 
amenable to rigorous purification. Its spectrum exhibited a well-resolved quartet for 
the allylic methyl group. This appears to be clear evidence for H'—P* spin-spin inter- 
action through four bonds. From this pattern, however, it is not possible to assign a 
coupling constant unequivocally to each of the two observed interactions. The P*' spectra 
of this and related compounds will undoubtedly allow the assignment of J’s and work is 
being directed to this end. 


EXPERIMENTAL 

N.M.R. Spectra 

All spectra were obtained using dilute solutions (10-12% w/v) in carbon tetrachloride 
containing ca. 0.5% tetramethylsilane (TMS) as an internal reference. A Varian Asso- 
ciates V-4302 spectrometer operating at 60 Mc/sec was employed and the usual audio 
side-band technique was used to measure the relative chemical shifts from the TMS 
peak. The audio oscillator was calibrated with an H-P 522B frequency counter. The 
chemical shift data are reported in cycles per second from TMS and are judged to be 
accurate to within +1 cycles/sec. 


“cis” and “‘trans’’ Phosdrin 
These compounds were prepared as previously described (2). 


“cis” and “trans” ‘thionoPhosdrin’ 

The reaction product of 2.3 g of sodium and 11.6 g of methyl acetoacetate was heated 
in refluxing benzene with 16.0 g of dimethyl phosphorothionochloridate for 24 hours. 
Subsequent removal of the precipitate, evaporation of the solvent, and final vacuum 
distillation yielded a crude fraction boiling between 92° and 112° C at 0.6 mm. Crystals 
laterxformed and were filtered off and recrystallized to yield 5.1 g (21%), m.p. 49-50° C. 
Allowing for recovery of unreacted starting materials, the yield of purified product was 
30%. The absence of the P — O linkage was indicated by the lack of a band between 
1275 and 1300 cm in the infrared spectrum, while absorption at 913 cm™, and none at 
897 cm—', indicated the presence of only the ‘‘trans’’ isomer. Bromide—bromate titration 
confirmed the theoretical thiono sulphur content and a satisfactory analysis was obtained. 

Twenty-nine hours of ultraviolet irradiation of ‘thionoPhosdrin’ in carbon tetra- 
chloride by a Hanovia lamp was required to give maximum isomerization as indicated 
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by the increase in absorption at 897 cm and decrease at 913 cm~. Quantitative separa- 
tion of the isomers was accomplished by absorption on Merck acid-washed activated 
alumina, triturated with 2% water, from hexane. This was followed by elution of the 
‘cis’ isomer with carbon tetrachloride and then the ‘trans’ isomer by chloroform to yield 
54% ‘cis’ isomer and 37% ‘trans’. No absorption at 1285 cm~ after ultraviolet irradiation 
indicated no P — S to P > O shift. 
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THE HEAT OF FORMATION OF THE FORMYL RADICAL 
T. W. SHANNON AND A. G. HARRISON 


As discussed by Cottrell (1) the bond dissociation energy D(CHO—H) in formaldehyde 
and consequently the heat of formation of the formyl radical appear to be in some 
doubt. From investigations of the photolysis of formaldehyde Gorin (2) and Klein and 
Schoen (3) have suggested D(CHO—H) = 77 kcal/mole, leading to AH,(CHO) = —2.8 
kcal/mole. From a study of the photolysis of a number of aldehydes, as summarized 
by Calvert (4),a value D(CHO—H) = 91 kcal/mole (AH,(CHO) = 11.2 kcal/mole) has 
been obtained. 

Both the direct and indirect mass spectrometric methods have been applied by Reed 
and co-workers to the formyl radical. Reed and Brand (5) have reported the ionization 
potential of the formyl radical to be 9.83 to 10.03 v. This ionization potential, when 
combined with the appearance potential of CHO* from formaldehyde, 13.10 v (6), gives 
D(CHO—H) = 70.8 to 75.4 kcal/mole, corresponding to AH,(CHO) = —4.4 to —9.0 
kcal/mole. 

In the indirect method Reed (6) has measured the appearance potential of CH;t 
from acetaldehyde. On the assumption that the process occurring is CH;CHO + e— 
CH;* + CHO + 2e the reported appearance potential, 13.12+0.06 v, may be combined 
with AH,(CH;+) = 262 kcal/mole (7) and AH,(CH;CHO) = —39.8 kcal/mole (8) to 
give AH;(CHO) = —0.8 kcal/mole. As discussed below we have not been able to confirm 
in this work the reported appearance potential of CH;* from acetaldehyde. 
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The present work reports the measurement of appearance potentials of ions of known 
heat of formation from a number of aldehydes in an attempt to obtain further information 
by the indirect mass spectrometric method for the heat of formation of the formyl 
radical. The results are given in Table I. Column six of Table I records values for 


TABLE | 
Energetics of the process RCHO + e — R* + CHO + 2e 














A,(R*), ev 
AH;(R*), AH;(RCHO), AH;(CHO) + E, 

R This work Lit. kcal/mole kcal/mole kcal/mole 
CH; 14.51+0.1 13.12+0.06¢ 262¢ —39.8/ See text 
i-Pr 10.62+0.1 190° —55.2¢ —0.2+2.3 
n-Pr 10.65+0.1 190° —53.99 1.7+2.3 
C.H; 13.37+0.1 13.51+0.12° 301¢ —11.2' —2.342.3 
CCl; 11.58+0.1 2164 —44' 6.942.3 
C:H; 13.72+0.1 13.69+0.1° 283¢ —20* 13.2+2.3 








“Reference 6. 
oR. I. Reed and M. B. Thornley. Trans. Faraday Soc. 54, 949 (1958). 

°Reference 7. The ion from m-PrCHO was assumed to have the isopropyl! structure. 

4}. B. Farmer, I. H. S. Henderson, F. P. Lossing, and D. G. H. Marsden. J. Chem. Phys. 24, 348 (1956). 
“A. G. Harrison and F. P. Lossing. J. Am. Chem. Soc. 82, 519 (1960). 

/ Reference 8. 


Estimated by group orbital method (J. L. Franklin. Ind. Eng. Chem. 41, 339 (1949)). Roberts and Skinner (footnote hk) report 
an estimated value AH,(n-PrCHO) = —52.5 kcal/mole. 

AJ. S. Roberts and H. A. Skinner. Trans. Faraday Soc. 45, 339 (1949). 

‘H. O. Pritchard and H. A. Skinner. J. Chem. Soc. 1928 (1950). 


AH (CHO) + E calculated from the relation 
A,(R*) from RCHO = AH,(Rt+) + AH,(CHO)—AAH,(RCHO) + E 


by substituting the known values for AH,(R+) and AH,;(RCHO), where E is any excess 
energy which may be associated with either the charged or uncharged fragment. The 
above relation assumes that the lowest energy process occurring is 


RCHO +e — R* + CHO + 2e. 


The appearance potential of CH;+ from acetaldehyde obtained in this work is over 
1 v higher than that reported by Reed and discussed above. The measured appearance 
potential, 14.51+0.1 v, is only slightly greater than that calculated for the process 


CH;CHO + e > CH;*+ + CO +H + 2e Ap = 14.3 v. 


No evidence was obtained for formation of methyl ions in any significant amounts below 
this appearance potential. Until further independent evidence is obtained, the appearance 
potential of CH;+ from acetaldehyde cannot be considered as providing convincing 
evidence concerning the heat of formation of the formyl radical. 

The appearance potentials of the C;H;* ion from n-butyraldehyde and isobutyralde- 
hyde, as well as the appearance potential of the CsHs* ion from benzaldehyde, lead to 
mutually consistent values for AH,;(CHO) + E. If one assumes that in these cases no 
excess energy is involved these results lead to AH,(CHO) = —0.3+3 kcal/mole, in 
essential agreement with the low value obtained from chemical kinetics. If excess energy 
is involved then the true heat of formation will be even lower; in any case the results 
are not consistent with the high value, AH;(CHO) = 11.2 kcal/mole, derived fronr 
chemical kinetics. 
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On the basis of AH,(CHO) = —0.3 kcal/mole the appearance potentials of CCI;+ 
from chloral and C.H;* from acrolein appear to involve excess energy in both cases. It 
should be noted that the result reported for acrolein is the only one which provides 
support for the high value for the heat of formation of the formyl radical. If one assumes 
this value then one must conclude that the appearance potentials measured for the 
C;H;* ions and the C.sH;* ion are too low by approximately 0.5 v. Such a possibility 
appears highly unlikely; rather the results are more consistent with excess energy being 
associated with the formation of the CCl;+ and C.H;* ions. 

In conclusion, the results reported in Table I provide support for the low value for 
the heat of formation of the formyl] radical as derived from chemical kinetics. The results 
further suggest that excess energy is involved in the formation of the CCI;+ and C2H;+ 
ions from the corresponding aldehydes. 


EXPERIMENTAL 

The appearance potentials were measured using an Associated Electrical Industries 
MS-2 mass spectrometer. The electron-accelerating voltage could be read to +0.02 volts 
with a precision voltmeter and was varied in 0.2-v steps while determining the ioniza- 
tion-efficiency curves. The voltage scale was calibrated by admitting either krypton or 
xenon with the sample. The appearance potentials were evaluated by extrapolating the 
voltage-difference curves to zero ion current. The limits of error given in column two 
of Table I represent the average deviations of three or more determinations. 


Note added in proof: J. R. Majer, C. R. Patrick, and J. C. Robb (Trans. Faraday Soc. 57, 
14, 1961) have recently reported the appearance potential of CH;*+ from CH;CHO to be 
14.55 v, in excellent agreement with the value obtained in this work. 


The financial support of the National Research Council of Canada is gratefully 
acknowledged. 
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THE REACTION OF 2,2-DIPHENYL-1-PICRYLHYDRAZYL WITH 
9,10-DIHYDROANTHRACENE AND 1,4-DIHYDRONAPHTHALENE 
J. S. Hoce, D. H. LOHMANN, AND K. E. RUSSELL 


The use of 2,2-diphenyl-1-picrylhydrazyl (DPPH) as a hydrogen acceptor in free 
radical reactions in solution has been the subject of a number of recent investigations. 
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As a result, information is now available concerning the rates of hydrogen abstraction 
by this polar radical from mercaptans (1, 2, 3), hydroaromatic compounds (4), amines 
(5, 6, 7), and phenols (7, 8). It has been confirmed in all these reactions that the major 
product is 2,2-diphenyl-1-picrylhydrazine, but only in the case of the hydroaromatic 
compounds has it been possible to isolate good yields of the dehydrogenation products 
(4). The kinetic results for hydroaromatic compounds do not, however, fit into the 
general pattern in that rates of reaction dependent upon the square of the DPPH con- 
centration have been reported (4) in addition to activation energies as high as 33 kcal/ 
mole. This note records the results of a new investigation of the kinetics of reaction 
of DPPH with 9,10-dihydroanthracene and 1,4-dihydronaphthalene. 


TABLE I 
Rate constants (k,) for the reaction of DPPH with 9 pBD-EhySrnenthracene 

















DPPH, Dihydroanthracene, Temp., ki, 
mole/I. mole/I. Solvent bs cc/mole sec 
0.1 0.25 Benzene 50 0.37 
0.025 0.25 7” 50 0.38 
0.025 0.0625 4 50 0.35 
0.018 0.20 Ks 50 0.36* 
0.025 0.25 i 30 0.124 
0.025 0.25 “2 40 0.20 
0.025 0.25 “i 60 0.60 
0.0125 0.125 Carbon tetrachloride 30 0.26 
0.0166 0.166 2 50 0.68 
0.025 0.25 Dioxan 50 0.22 
0.025 0.25 3 70 0.68 
*In vacuo. 


9,10-Dihydroanthracene was prepared by the reduction of anthracene in boiling ethanol 
with sodium amalgam. Its reaction with DPPH in benzene solution obeys simple second- 
order kinetics as illustrated by the data in Table I, and the rate of reaction is not sig- 
nificantly affected by the presence of air or by the addition of diphenylpicrylhydrazine. 
High yields of anthracene and diphenylpicrylhydrazine (DPPH-H) are obtained (4) and 
the main reaction presumably involves the following steps. 


on 


OK x + DPPH — DPPH-H + $¢ me {1} 
H 
Oe 
CKO) + pre — verna + CCX) 2) 
C 
H: 


Reaction [1] is rate determining, and reaction [2] is rapid compared with the reverse 
of reaction [1]. 

Rate constants at different temperatures lead to an activation energy of 10.4+0.5 
kcal/mole and an Arrhenius A factor of 4.0 10° cc/mole sec for reactions in benzene 
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solution. The activation energy is within the range 4-16 kcal/mole observed in other 
hydrogen-abstraction reactions involving DPPH, but the A factor is low compared with 
values of the order of 10° cc/mole sec normally observed. The low value is not sur- 
prising in view of the high probability of steric hindrance to reaction [1]; a comparable 
A factor is observed in the reaction of DPPH with 2,6-di-t-butylphenol (8). For carbon 
tetrachloride as solvent the activation energy is 9.21 kcal/mole and the A factor is 
1.1X10* cc/mole sec, and for dioxan as solvent the corresponding values are 12.4+1 
kcal/mole and 5.410" cc/mole sec. 

When 1,4-dihydronaphthalene (9) is used as the hydrogen donor, the kinetic results 
do not follow the expected pattern. In individual reactions the rate of disappearance 
of DPPH in solutions containing a large excess of 1,4-dihydronaphthalene falls off only 
to a small extent in the first 75% of reaction, in contrast to the first-order dependence 
observed with 9,10-dihydroanthracene as donor. Rates of reaction are higher in air 
than in degassed systems and the reproducibility is poor. Some typical results are given 
in Table II for the rates of disappearance of DPPH at 30° in carefully degassed benzene 


TABLE II 
Rates of reaction of DPPH with 1,4-dihydronaphthalene 











DPPH, Dihydronaphthalene, Rate X10”, 
mole/I. mole/I. mole/cc sec 
0.0226 0.1 8.3 
0.0113 0.1 6.3 
0.0057 0.1 5.3 
0.0113 0 025 1.3 





solutions. They are approximately represented by the expression 
—d{DPPH)]/dt = k.{dihydronaphthalene][DPPH]°*. 


Diphenylpicrylhydrazine (0.0113 M) causes a reduction in rate of about 20% in reaction 
mixtures containing DPPH at a concentration of 0.0113 M. The activation energy of 
the over-all process is estimated to be 12.5+1.5 kcal/mole from rate measurements at 
20° C, 30° C, 40° C, and 50° C. Since high yields of both diphenylpicrylhydrazine and 
naphthalene are obtained (4), a mechanism similar to that suggested for the dihydro- 
anthracene reaction may be put forward; the activation energy of the primary hydrogen 
abstraction process would then be 12.5 kcal/mole. However, the low order of reaction 
with respect to DPPH shows that the reaction mechanism may be complex. A similar 
low order was observed in the early stages of the reaction of DPPH with mercaptans (1), 
but in that case the order increased to one for the major part of the reaction. 
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THE CONDENSATION OF RHODANINE AND DERIVATIVES 
WITH 4-ANTIPYRINALDEHYDE 


FREDERICK J. ALLAN’ AND G. GRAHAM ALLAN? 


More than three-quarters of a century has elapsed since antipyrine (Ia) was introduced 
into medicine by Knorr as an antipyretic and analgesic (1). Although pyrazolone anal- 
gesics have now virtually vanished from the scene in North America and the Scandinavian 
countries (2), they are still widely used in other areas and considerable efforts have 
been expended to improve their pharmacological properties (3, 4). In recent years some 
of this effort has been focused on 4-antipyrinaldehyde (Ib)* and its derivatives (5-14), 
‘principally in connection with antineuralgic and febrifugal effects. While insecticidal 
pyrazolones have been described (15-17), other nonanalgesic applications of 4-anti- 
pyrinaldehyde or its derivatives have received little attention other than brief reports 
of tubereulostatic (18) and bacteriostatic activity (19). 


CH; R 
N CO X, = —CH=—C—CO 
RE 0, er el 
CH; N NZ 
if 
NN S—CS 
| 
\A 
(1) 
a. RH in Xy (Z =H) 
b R=CHO Xe (Z = ethyl) 
c R = Xz Xan (Z = allyl) 
d R = Xet Xph (Z = phenyl) 
e. R=Xan Xom (Z = carboxymethyl) 
f. R= Xpn 
gZ R = Xom 


As part of a study of potential bacteriostats (20, 21), rhodanine has been condensed 
with a variety of carbonyl-containing compounds (22-29), including the highly effective 
monoheterocyclic furan and thiophen aldehydes (30). However, no rhodanine con- 
densation products have been prepared which contain a carbonyl-derived moiety com- 
prising a five-membered ring with two heteroatoms. The pyrazolone aldehyde (Ib) was 


1To whom enquiries should be addressed. 


2Present address: Electrochemicals Department, E. I. du Pont de Nemours & Co., Inc., Wilmington, Del., 
U.S.A 


3Jn the early literature this aldehydic structure was erroneously assigned to an isomeric ketone (6). 
Can, J. Chem. Vol, 39 (1961) 





! 
| 


Reb 


Sosmmsrere penne eres yg 


ee 


1398 CANADIAN JOURNAL OF CHEMISTRY. VOL. 39, 1961 


therefore condensed with rhodanine, and its 3-ethyl, -allyl, -phenyl, and -carboxymethyl 
relatives, using sodium acetate in a mixture of acetic acid and anhydride as the con- 
densing medium (24). The products,‘ (Ic) to (Ig), separated from the reaction mixture 
in an almost pure state. 


EXPERIMENTAL® 
5-[4-(1-Phenyl-2,3-dimethylpyrazol-5-onyl )methylene]rhodanine (Ic) 

A mixture of 4-antipyrinaldehyde (216 mg, 0.001 mole) and rhodanine (133 mg, 0.001 
mole) in acetic acid (1 ml) to which sodium acetate (200 mg) and acetic anhydride 
(0.1 ml) had been added, was refluxed for 30 minutes. The reaction mixture was allowed 
to cool when crystals separated. Recrystallization from dimethylformamide—ethanol 
gave (Ic) as small golden yellow needles (102 mg, yield 31%) m.p. 325-327° with decom- 
position. Calc. for CisHi3N3;02S2 (331.402): C, 54.36; H, 3.95. Found: C, 54.21; H, 3.76%. 
The following compounds were similarly prepared. 


3-Ethyl-5-| 4-( 1-phenyl-2,3-dimethylpyrazol-5-onyl )methylene] rhodanine (Id) 

Orange plates (300 mg, yield 33%) m.p. 265-267°, crystallized from ethanol—benzene— 
dimethylformamide. Calc. for Ci7H1z7N3;02S2 (359.462): C, 56.79; H, 4.77. Found: C, 
56.48; H, 5.08%. 


3- Allyl-5-[ 4-(1-phenyl-2,3-dimethylpyrazol-5-onyl )methylene] rhodanine (Ie) 
Golden yellow blades (425 mg, yield 57%) m.p. 203-204°, crystallized from acetic 
acid. Calc. for C1sHiz7N;02S2 (371.472): C, 58.18; H, 4.61. Found: C, 58.32; H, 4.72%. 


3-Phenyl-5-[ 4-(1-phenyl-2,3-dimethylpyrazol-5-onyl )methylene]rhodanine (If) 

Bright orange plates (435 mg, yield 54%) m.p. 266-268° with darkening, crystallized 
from ethanol—dimethylformamide. Calc. for Ce:1HizN3;02S2 (407.502): C, 61.9; H, 4.17. 
Found: C, 61.62; H, 4.03%. 


3-Carboxymethyl-5-[ 4-(1-phenyl-2,3-dimethylpyrazol-5-onyl )methylene] rhodanine (Ig) 

Orange-yellow needles (200 mg, yield 26%) m.p. 260—262°, crystallized from ethanol-— 
dimethylformamide. Calc. for Ci7HisN3;04S2 (389.442): C, 52.44; H, 3.88. Found: C, 
52.65; H, 3.72%. 
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‘Fungicidal and bacteriostatic evaluation of which we hope to publish later elsewhere. 
’Melting points are uncorrected. 























NOTES 1399 


19. J. H. T. Leprut, to Luxema S. A., U.S. Patent No. 2,650,219 (August 25, 1953). Equivalent Brit. 
Patent No. 688, : 225 (March 4, 1953). 


20. F. J. ALLAN and G. G. ALLAN. Rec. trav. chim. In press. 

21. F. J. ALLAN and G. G. ALLAN. J. Org. Chem. 23, 639 (1958). 

22. G. G. ALLAN, D. MACLEAN, and G. T. NEwBoLp. J. Chem. Soc. 5053 (1952). 

23. F. J. ALLAN, G. G. ALLAN, ‘and J. B. THomson. J. Org. Chem. 23, 112 (1958). 

24. F. J. ALLAN, G. G. ALLAN, and J. B. THomson. Can. J. Chem. 36, 1579 (1958). 
25. F. J. ALLAN and G, G. ALLAN. "Rec. trav. chim. 78, 67 (1959). : 

26. F. J. ALLAN, G. G. ALLAN, and C. M’F. M’Nem. Nature, 184, 1637 (1959). 

27. F. J. ALLAN and G. G. ALLAN. Rec. trav. chim. 78, 375 (1959). 

28. F. J. ALLAN, G. G. ALLAN, G. CRANK, and J. Jack. Rec. trav. chim. 79, 247 (1960). 
29. F. J. ALLAN, G. G. ALLAN, and G. CRANK. J. Appl. Chem. 11, 68 (1961 ). 

30. F. C. Brown, C. K. BRADSHER, and E. N. Lawton. Ind. Eng. Chem. 45, 1027 (1953). 


} 
! 
ie 


RECEIVED JANUARY 23, 1961. 
DEPARTMENT OF CHEMISTRY, 

PAISLEY TECHNICAL COLLEGE, 
PAISLEY, SCOTLAND. 








Se ute fo ARR BE Gp SSeS TA TE FORTE A A I RI eRe ee se 









HELVETICA 








C SCHWEIZERISCHE 
CHEMISCHE GESELLSCHAFT 
HIMICA Verlag Helvetica Chimica Acta 
ACT A Basel 7 (Schweiz) 
Seit 1918 43 
Re 
Abonnemente: Jahrgang 1961, Vol. XLIV $31.50 incl. Porto 


Es sind noch 


lieferbar: 





Neudruck ab Lager 
Vol. I-XXVII (1918-1944) 


Originalausgaben, druckfrisch und antiquarisch. 
Vol. XXVIII-XLIII (1945-1960) 


Diverse Einzelhefte ab Vol. XX 
Preise auf Anfrage. Nur solange Vorrat. 


SCHWEIZERISCHEN 








Das wissenschaftliche Organ der CHEMISCHEN 
GESELLSCHAFT 











| 











— ee eee — a a BA a 










tse me ee -— 








NOTES TO CONTRIBUTORS 


Canadian Journal of Chemistry 
MANUSCRIPTS 
General.—Manuscripts, in English or French, should be itten, double spaced, on 
83X11 in. The original and one copy are to be submitted. Tables and captions for ee tawees doand 


be placed at the end of the manuscript. Every sheet of the manuscript should be numbered. Style, arrange- 
ment, spelling, and abbreviations should conform to the u of recent numbers of this journal. Greek 
letters or unusual signs should be written plainly or ccuieined | by marginal notes. Characters to be set in 
bold face type should be indicated by a wavy line below the characters. Superscripts and subscripts must 
be legible and carefully placed. Manuscripts and illustrations should be carefully checked before they are 
submitted. Authors will be for unnecessary deviations from the format and for changes 
made in the proof that are consi excessive or unnecessary. 

Abstract.—An abstract of not more than about 200 words, indicating the scope of the work and the 
principal findings, is required, except in Notes. 

References.—These should be designated in the text by a number and listed at the end of the 
paper, with the number, in the order in which they are cited. The form of the citations should be that used 
in this journal; in references to papers in periodicals, titles should not be — and only initial page numbers 
are required. The names of periodicals should be abbreviated in the form given in the most recent List 
of Pertodicals Abstracted by Chemical Absiracts. All citations should be checked with the original articles 
and each one referred to in the text by the key number. 

Tables.—Tables should be numbered in roman numerals and each table referred to in the text. Titles 
should always be given but should be brief; column headings should be brief and descriptive matter in 
the = confined to a minimum. Vertical rules should not be used. Numerous small tables should 
avol ° 


ILLUSTRATIONS 


General.—All figures (including each figure of the plates) should be numbered consecutively from 
1 up, in arabic figures, and each figure referred to in the text. The author’s name, title of the paper, and 
figure number should be written in the lower left corner of the sheets on which the illustrations appear. 
Captions should not be written on the illustrations. 


Line drawings.—Drawings should be carefully made with India ink on white drawing paper, blue 
tracing paper, or co-ordinate paper ruled in blue only; any co-ordinate lines that are to appear in repro- 
duction should be ruled in black ink. Paper ruled in green, yellow, or red should not be used. All lines must 
be of sufficient thickness to uce well. Decimal points, periods, and sti dots must be solid black 
circles large enough to be reduced if necessary. Letters and numerals should be neatly made, preferably 
with a stencil (do NOT use typewriting), and be of such size that the smallest lettering will not be less 
than 1 mm high when the figure is reduced to a suitable size. Many drawings are made too large; origi 
should not be more than 2 or 3 times the size of the desired reproduction. possible two or more 
drawings should be grouped to reduce the number of cuts required. In such wens of drawings, or in large 
drawings, full use of the space available should be made; the ratio of height to width should conform to that 
of a journal page (53 X7 in.), but allowance must be made for the captions. The-original drawings and 
one set of clear copies (e.g. small photographs) are to be submitted. 

Photographs.—Prints should be made on glossy paper, with strong contrasts. They should be trimmed 
so that essential features only are shown and mounted carefully, with rubber cement, on white cardboard, 
with no space between those arranged in groups. In mounting, full use of the space available should be 
made. Photographs are to be submitted in duplicate; if they are to be reproduced in groups one 
set should be mounted, the duplicate set unmounted. 


REPRINTS 
A total of 100 reprints of each paper, without covers, are supplied free. Additional reprints, with or 
baie cove may be ag tame * the ee oh — nis pare ; i 
harges for reprints are based on the num prin which may be ca approximately 
by er nap te. by 0.5 the number of manuscript pages (double-epace typewritten sheets, 8} X11 in.) and 


including the space occupied by illustrations. Prices and instructions for ordering reprints are sent out with 


the galley proof. 








Contents 


Denys Cook—Infrared spectra of 2,6-dimethyl-4-pyro complexes 
uid pr i dd of terpenes. Part III. The use of 
E RudiofGar- ti ait choco hroma’ phy of Part IV. Th analysis 
. von c terpenes. I e 
of the tile aaa the leaves of Eantenn white cedar 
Hi phonium salt merge ncn I. Effect of concentration, anion type, 
and solvent variation on rate 
and David Chin—An infrared study of trimethylamine oxide, 
its hydrate, and its hydrochloride 
J. G. The kinetics of the reaction of silica with group 1 hydroxides 
Arthur R. ht and Harry E. Gunning—Primary methoxy radicai formation 
in the — of methanol vapor with Hg 6(P;) atoms -_ - 
and t—Recomsbination of atoms at the surface of ‘thermo- 
Soundararajan—Dipole moments ‘and structure of 
molecular compounds. Part I. Aliphatic and aromatic amine picrates - 
Richard F. W. tp he = Glenys A. Jonee—The Heltmann-Feynman | theorem 


x and E. A. "Robinson—The sulphuric ‘acid solvent 
tem. Part II. ductivity measurements on solutions of some acids 
R. and George Just—Steroids. II. The etereochemistry « the 
addition of G: ents to 12-ketosteroids - 
A. D. Westland N. C. Bhiwandker—zx-Bonding in in ic ‘compounds. 
Ill. A emical study of hexahaloosmates and hexachlororhenate 
E. C. Brown, M. L. Heit, and D. E. Ryon—Phytic acid: an analytical investi- 


Michel a Lazdunski and nd Ludovic Ouellet—Phosphatase tase alcaline intestinale: 
ue de |’ du phosphate de p-nitrophényle -_ - 
Patrice Berlinguet—Synthéses de courts ‘Peptides renfer- 
man des acides amino-1 cycloalkyl carboxyliques - 
a radio-frequency dielectric dispersion in solid ethyl 


ra Antonaccio, and Léo Marion—A new quaternary aporphine 
‘agara tinguassoiba Hoehne 
M. H. Fisher, W. H. ea and z& s. Stuart—Imidazole sulphonamides 
unds - - 
. —The conversion of a-keto acids and of a-keto 
acid oximes — nitriles in aqueous solution - 

R. R. Weiler, J. Beeckmans, and R. MclIntosh—Adsorption | of bensene and 
ay ag up to aa pressures on finely divided sodium chloride. 
Part I effects and the adsorption of benzene. Part II. The 
lowering of surface free energy by ethanol kent Har Sees Wen. Saat ete, cae 

J. F. Harrod, Stefania Ciccone, and J. Hal; -—Catalytic activation of 

molecular hy P Halper by ruthenium (IID chioride complexes - - 

J. W. May and J. — Kinetics Ge exidation of hydrazobenzene by 
iodine and triiodi - = - - - 


Notes: 
I. M. Thomas—The preparation of alkoxides ear triethyisilanolates of Ti, 
Zr, V, Nb, Ta, and Sn from the dialkylami 
G. eX H. Scherf and R. K. Brown—The acidity « of | 9-monoalkyl- (or aryl-) 
luorenes - 
J. B. Stothers and E. Y. Spencer—Nuclear magnetic resonance spectra of 
a vinyl phosphate and thionophesphate isomers (Phestrin and ‘thiono- 


T. W. Shannon and re G. Harrison—The heat of formation of the formyl 


J. + D. H. Lohmann, and K. E. Russell—The reaction of 2,2-diphenyl- 
1-plerythydrazy! with 9:10-Gieyeronatinracene and 1,4-dihydronagh- 


thalene 
Frederick J. Allan and G. Graham Allan—The condensation of rhodanine 
and derivatives with -ancipyenenye> - 


Printed in Canada by University of Toronto Press 








